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Protein structure determination is vital for elucidating their function, folding or misfolding pathways, and 
their interaction with other biomolecules, small molecules and membranes. In the field of neurodegenerative disorders 
like Parkinson’s Disease and Alzheimer’s Disease, amyloid fibrils that constitute the aggregates in the diseased brain 
are formed due to misfolding of proteins like a-synuclein (a-syn) and amyloid-b. Understanding the structure of these 
amyloid fibrils will be beneficial for probing amyloid- ligand interactions, amyloid-membrane interactions and even 
their misfolding pathways. This dissertation thesis introduces some state-of-the-art solid-state nuclear magnetic 
resonance (SSNMR) techniques to investigate protein structures and their interactions, which will facilitate the study 
of amyloid fibrils formed in the neurodegenerative disorders.  
One of the major biophysical techniques to probe biomolecular structure and their interactions is magic angle 
spinning (MAS) SSNMR spectroscopy due to its ability to examine insoluble systems and with no inherent restriction 
on the size of the molecule.  For structure determination and refinement, we employ famous and robust techniques 
like rotational echo double resonance (REDOR) and transferred echo double resonance (TEDOR) that recouples the 
dipolar couplings between two selective heteronuclear spins present in the biomolecule. The dipolar coupling is 
directly proportional to the gyromagnetic ratio (g) of the spins and indirectly proportional to the cube of the distance 
between them. Hence, fitting the dipolar dephasing curves to Bessel function of first kind provide us quantitative, 
precise and unambiguous distance restraints within or between molecules and these distance restraints will assist the 
structure calculations or docking of small molecules or other biomolecules to the proteins.  
Structure or ligand binding mode determination with REDOR or TEDOR has been performed extensively on 
all types of biomolecules, small molecules and inorganic compounds in the past couple of decades. However, due to 
utilization of lower g nuclei in the spin pair and restrictions in the pulse sequence, the sensitivity, resolution, the 
distance detection range, and the types of sample on which REDOR and TEDOR can be applied have been limited. 
In my thesis, I have focused on advancing REDOR and TEDOR methodology such that we can obtain quantitative 
and precise distances up to 1.5-2 nm. These are the longest quantitative distances obtained by SSNMR so far. This 
has been made possible by utilizing high g spins, like 1H and 19F as REDOR or TEDOR spins. The novel methods are 
multidimensional in nature, can be applied to uniformly 13C or 2H labeled proteins, highly sensitive and will be 
performed in reduced experimental time due to 1H-detection. 
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1H-detection is feasible under fast MAS and in perdeuterated proteins. Perdeuteration of protein leads to 
enhanced 1H spin-spin relaxation time (T2), which is a huge advantage for performing REDOR dephasing or TEDOR 
build-up for longer times and hence increasing the distance detection range. The REDOR or TEDOR techniques 
introduced in this thesis have been mainly applied on uniformly-13C, 2H, 15N (U-CDN) labeled proteins, like GB1 
crystalline protein and a-syn fibrils and their mutants, back-exchanged to 10-30% 1H. 1H-detected REDOR or TEDOR 
techniques developed here are unique in measuring distances between the side chain 13C atoms and backbone 1H atoms 
in the proteins, thereby providing accurate restraints for side chain orientations and not only backbone restraints.  
Performing REDOR with 19F atom is advantageous because of the usefulness and popularity of 19F atom in 
the drug or diagnostic agent development industry. In our studies, we have also successfully demonstrated the 
incorporation of 19F atom in a-syn fibrils through mutagenesis and chemical modification. Thereafter, we performed 
13C-19F REDOR to obtain distances of up to 10 Å and with our newly developed 1H-detected REDOR pulse sequence, 
we obtained 1H-19F unambiguous REDOR distances of up to 17 Å in a-syn fibrils. Taken together, this thesis lays a 
foundation towards shaping REDOR and TEDOR spectroscopy to be feasible for — (1) structure determination and 
refinement of uniformly 13C labeled and perdeuterated proteins, and (2) binding mode determination of fluorinated 
imaging agents or drugs, and lipid membranes to amyloid fibrils like a-syn, or non-fluorinated small molecules to 19F-
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1.1.    Notes and Acknowledgement 
The author would like to thank Dr. Joseph Courtney for preparing Figure 1.1 and Dr. Donghua Zhou for 
preparing Figure 1.2. Part of Figure 1.3 is adapted from Figure 1 of ‘Gullion, T. Rotational-Echo, Double Resonance 
NMR. Mod. Magn. Res. Vol. 1 p. 703-718 (2008)’. Figure 1.5 is adapted from Figure 7 of ‘Schaefer, J. REDOR and 
TEDOR, eMagRes, p. 1-7 (2007)’. 
1.2. Preface 
1.2.1. Significance of Protein Structure Determination 
Proteins are one of the major classes of biomolecules present in all living organisms. They are multifunctional 
in nature and can engage in virtually every biological process. They provide structure to cells, catalyze metabolic 
reactions, transport and store biologically active molecules, aid in DNA replication, maintain cellular and systemic 
communications, and respond to internal and external stimuli. The function of a protein depends on its three-
dimensional structure in general. Hence, protein structure determination is a key to understand biological process and 
to design therapeutic agents to modulate their pathological function in many diseases. One such area where the 
importance of protein structure determination is very evident is the field of neurodegenerative disorders.  
Formation of protein aggregates, known as amyloid fibrils, are central to many neurodegenerative diseases.  
The amyloid fibrils are formed when certain proteins misfold due to mutants or production of excess of protein1,2. For 
example, the pathological hallmark of Parkinson’s Disease (PD)— the world’s most common chronic and progressive 
movement disorder and the second most common neurodegenerative disease after Alzheimer’s disease — is 
characterized by the formation of amyloid fibrils from the protein α-synuclein (α-syn), which serve as the primary 
structural constituent of Lewy Bodies (LB)3,4. To understand the role that insoluble aggregates play in causing these 
diseases, it is vital to solve the structure of the amyloid fibrils that constitute these aggregates. Currently, diagnosis of 
PD is limited to the clinical presentation of motor symptoms, which may arise many years after the onset of the disease, 
typically after more than half of the substantia nigra dopaminergic neurons have already been lost5. Aggregated α-syn, 
mainly fibrillar Lewy body materials, show prion-like propagation properties in the brain6,7 and can be related to the 
structural polymorphism in the fibril structure8. Thus, there is a critical need to determine atomic resolution structures 
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of the amyloid fibrils to search for and design of small molecules that can act as therapeutic or diagnostic agents 
(biomarkers)9. In particular, high-resolution structural information, such as that of Urbana form α-syn which our group 
recently published10, can elucidate potentially high-affinity binding sites, inform on the binding mechanism of known 
ligands, provide a platform for computational and experimental screening of new biomarkers, and offer many other 
valuable applications9.  
1.2.2.  Protein-Ligand Binding Mode Determination 
 As mentioned previously, one of the major advantages of obtaining 
atomic resolution protein structures is to gain better understanding of protein-
ligand interactions. Ligands, in this case, are usually small molecules, that can 
bind to proteins and perform their functions. In the case of neurodegenerative 
diseases, the ligands or biomarkers can be small molecules that bind to the 
amyloid fibrils and act as imaging biomarkers, inhibitors to slow down the 
progression of the disease, or therapeutic agents (Fig. 1.1). There has been 
considerable effort towards the identification and development of effective 
therapeutic and diagnostic agents for aggregated Amyloid b (Ab) and tau 
proteins in Alzheimer’s disease (AD) and α-syn in PD. These studies have 
demonstrated the utility of both small-molecules (Table 1.1) and antibodies 
(Table 1.2) for detection of different epitopes of monomeric, oligomeric, and 
fibrillar states of these proteins. For Aβ peptide that forms extracellular plaques 
in AD, small molecules such as Pittsburgh compound B (PiB) are being used to image plaques in human brain11. 
However, a lack of small molecules in advanced clinical trials with specificity towards oligomeric or fibrillar α-syn is 
still remaining. Elucidating the binding region of small molecule ligands to the fibril will be the key factor for 
facilitating the development of improved biomarkers or better methodologies for screening lead compounds for such 
disorders12. Furthermore, this understanding will provide detailed insights on how PD progresses at each stage, and 
finally help in discovering a cure. 
  
Fig. 1.1: Schematic diagram of an 
amyloid fibril illustrating the probable 
positions for a therapeutic target (in 
green), imaging agent (in blue) and 
inhibitive agent (in red) 
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Table 1.1: Table listing all the small molecules that have been studied for consideration as therapeutic, imaging or inhibitive agent 
for Amyloid-b, a-syn and tau protein. Their binding affinities and number of clinical trials are mentioned. 
Small molecule KD or Ki for recombinant fibrils (nM) Clinical Trials 




(755-1440) 13 Sub-low µM range
14   
Congo Red 
1100 
(900-1300)    
Chrysamine G 
432 
(325-573)13    














(105.5 - 179.3) 
(for Ab1-42)15 
52.3 
(38.8 -70.4)13  





(68.1- 92.1)15  
Pittsburgh Compound 
B 






(for aa 16-21 fibers)9 
 4(for AD) 
EGCG 100 (80-120)17 
 
   
 
Table 1.2: Table listing all the antibodies that have been studied for consideration as therapeutic agents for Amyloid-b, a-syn 
and tau protein. Their epitopes and binding affinities for the proteins are mentioned. The number of clinical trials and the 
company that is advancing the antibody through the clinical trial are mentioned in the last column. 
Antibodies Target Epitope, Affinity 
Company, Clinical Trial 
Studies 
Bapineuzumab 
soluble and fibrillar 
Ab 
aa 1–5, 
KD = 89 nM (±9) to soluble Ab18 











aa 1-10 and aa 19-26 of Ab17 
Chugai Pharmaceutical Co. 
Ltd. and Hoffman-La Roche, 
7 
Crenezumab Ab monomer, oligomer and fibrils 
aa 16-26, 





linear stretch (aa 3-6)22 Biogen, 6 
 4 
Antibodies Target Epitope, Affinity Company, Clinical Trial 
Studies 
mAb158 Ab IC50= 1 nM for protofibrils, 12 nM for fibrils, 240 nM for monomer23  
BC05 Ab in senile plaques C-terminal specific (aa 42)24  
BA27 Ab in senile plaques C-terminal specific (aa 40)24  
PRX002 a-syn around aa 122 (ref. 25,26) Prothena Biosciences Limited, 2 
BIIB054 a-syn monomeric (aa 1-60)26 Biogen, 1 





aa S129 (ref. 28) BioLegend (cat# 825701) 
HuA a-syn Recognizes multiple epitopes on a-syn and b- syn29  
9029-03 Strain B a-syn fibrils 3-fold selectivity for strain B over strain A preformed fibrils30  
C2N-8E12 Tau Recognizes extracellular Tau aggregates31 
Abbvie and C2N 
Diagnostics, LLC., 1 
T14 Human Tau aa 83-120 (ref. 32) Zymed/Invitrogen 
MC1 Human, Mouse tau aa 7-9 and aa 313-322 (ref. 33)  
 
  Previous solid-state nuclear magnetic resonance (SSNMR) studies34–37 have shown that there are specific 
trends of binding present between amyloid fibrils and ligands. The binding mostly occurs between charged atoms 
present on both or/and between hydrophobic groups, like p- interaction between aromatic rings. Congo Red (CR) has 
been shown to bind preferentially to polylysine fibrils, but not polyserine or polyglycine fibrils34. The b-sheet present 
in the fibrils is not sufficient to bind CR; positively charged amino acids like lysine are required to interact with the 
negatively charged sulfonic acid groups in CR34. The binding mode of CR in Het-S prions35 and non-steroidal anti-
inflammatory drugs (NSAID) in Amyloid-b fibrils36 have been further investigated at atomistic level using a 
combination of experimental and docking techniques. Recently, using high throughput screening methodology, a small 
molecule called Synuclean-D have been shown to have inhibition and disaggregation properties against a-synuclein 
fibrils37. It has also shown neuroprotective nature for dopaminergic neurons.  
 
Table 1.2 (cont.) 
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1.3.   Solid-State NMR Techniques for Illuminating Molecular Interactions 
The main techniques for structural studies of biomolecules and their complexes are — X-ray crystallography, 
solution NMR, solid-state NMR and cryo-electron microscopy (EM). All of them have their advantages and 
disadvantages. X-ray crystallography and solution NMR are very established techniques and are highly advantageous 
for solving high-resolution structures for soluble proteins and peptides. However, X-ray crystallography technique is 
dependent on availability of high-quality crystals of biomolecules, which is often not feasible for insoluble systems 
like amyloid fibrils and membrane proteins38. The same is true for solution NMR. Solution NMR also has the added 
restriction of molecular weight of the biomolecule being less than 40 kDa38. In the last few years, cryo-EM has turned 
out to be an extremely powerful technique for looking at inhomogeneous and large biological samples in their 
physiological state. However, there are still restrictions on the minimum size of the molecule, resolution of the 
structure, dynamics in the sample, sample preparation techniques, etc.39,40. Solid-state NMR, on the other hand, has 
no intrinsic restrictions on the size of the biomolecule, and can be applied on both soluble and insoluble 
biomolecules10,35,36,38,41–45. It can also give complementary structural information to X-ray crystallography or solution-
NMR. For e.g., large protein structures are constructed of different functional domains with independent structural 
integrity. Crystallography or solution-NMR can be used to study the independent domains, and solid-state NMR can 
then provide information on the complete structure with mode of contacts between the domains and their relative 
orientations38.  
The major nuclear spin interactions between two spins I and 
S that constitute the solid-state NMR spectra are — nuclear spin 
Zeeman interaction (HZ), the isotropic and anisotropic chemical shift 
(HCS), homonuclear (HII) and heteronuclear (HIS) magnetic dipolar 
coupling interactions, and applied radio-frequency field interactions 
(HRF)38. The HCS, HII and HIS terms are strongly orientation dependent, 
and hence the NMR frequencies of a static sample are also orientation 
dependent. This is the reason behind broad inhomogeneous solid-state 
NMR spectra, known as a powder pattern, of a static unoriented sample38. The broadening decreases the sensitivity 
and resolution of the sample. Hence, for unoriented biological samples, we employ a technique known as magic-angle 
spinning (MAS) (Fig. 1.2). We rotate the sample rapidly around an axis at a magic angle of 54.736 to the external 
Fig. 1.2: Schematic of a rotor spinning along 
the Magic Angle axis   
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magnetic field. This leads to rotational averaging of the HCS, HII and HIS anisotropic terms to zero over one rotation 
period. When the spinning speed is greater than the inhomogenous linewidth in the sample, the powder pattern gives 
way to narrow peaks at isotropic frequencies. The residual linewidth is then determined by the non-homogeneity in 
the sample, dipole-dipole relaxation mechanisms and others. MAS results in high sensitivity and resolution in solid-
state NMR spectrum of biological samples38.  
The main disadvantage of MAS is loss of structural information due to the removal of the homo and 
heteronuclear dipolar couplings and chemical shift anisotropies. The dipolar coupling between two spins is directly 
proportional to the gyromagnetic ratio (g) of the spins and inversely proportional to the cube of the distance between 
them46 (eqn. 1.1). Hence, if we can determine the dipolar couplings between two spins in a biomolecule or its complex, 
the distances between them can be quantitatively determined with prior knowledge of g. These homonuclear and 
heteronuclear distance restraints are then utilized to calculate biomolecular structures or small molecule binding modes 




-                                                                            (1.1) 
where, D is the heteronuclear coupling between two spins (I and S), µ0 = 4p x 10-7 N.A-2, g is the gyromagnetic ratio, 
h = 1.054 x 10-34 J.s, and r is the distance between the two spins.  
A few techniques have been developed to circumvent this problem. Homonuclear 13C-13C or 15N-15N dipolar 
coupling can be semi-quantitatively determined in uniformly labeled, selective or sparsely labeled, and/or diluted 
isotopically labeled samples with 1st or 2nd order recoupling schemes like radio-frequency-driven recoupling 
(RFDR)42,43,47,48, dipolar-assisted rotational resonance (DARR)43,44,49,50, and 3rd spin assisted recoupling schemes like 
proton assisted recoupling (PAR)42–44,51. For heteronuclear dipolar recoupling, one of the technique is to apply rotor-
synchronized pulses in combination to MAS. The time dependence of the pulse sequences does not let the dipolar 
couplings average to zero even under high spinning speed. Hence, rigorous pulse sequences can be designed which 
will help in selectively ‘recoupling’ the dipolar coupling between the required spin pairs and let the other couplings 
average to zero due to MAS. There are some important practical considerations for designing such recoupling 
sequences. They are — magnitude and homogeneity of rf fields, homogeneous application over a range of chemical 
shifts, and magnitude of the recoupled interaction (also known as ‘scaling factor’)38.   
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1.4.  Heteronuclear Spin Recoupling— Rotational and Transferred Echo Double Resonance Pulse Sequence 
One of the most versatile techniques to determine heteronuclear dipolar couplings in solid-state NMR is 
known as rotational echo double resonance (REDOR)52–55. This technique has been successfully applied in elucidating 
structure and dynamics of biomolecules, macromolecular and whole-cell systems like protein-protein complexes, 
membrane proteins in lipids, enzyme-cofactor-inhibitor complexes, etc., and modes of action for small 
molecules/ligands10, 41-46,56-67. 
REDOR’s brilliance lies in its simplicity, where rotor-synchronized radiofrequency p- pulses are applied to 
manipulate the spin coordinates and recouple the dipolar coupling between two heteronuclear spins (Fig. 1.3). 
Measuring the short- and long-range dipolar trajectories will lead to the determination of precise distances within or 
between two molecules. The REDOR measurement is performed in two parts. The first part includes collecting a 
reference spectrum (S0) (Fig. 1.3a), where the rotor-synchronized dephasing pulses are not applied and hence the 
maximal intensity full echo spectrum is obtained. The second part includes application of the dephasing pulses to flip 
the sign of the dipolar coupling, resulting in a non-zero dipolar coupling average (S) (Fig. 1.3a). The time during 
which dipolar coupling operates in the experiment is known as dipolar evolution time, or dephasing time. Hence, the 
signal is attenuated every rotor period due to accumulation of dipolar couplings. The difference in intensities (S0-S), 
known as REDOR effects, is compared to the reference intensity (S0) at each dephasing time. For measuring weak 
dipolar couplings, the dephasing time can be increased, or the spinning speed can be decreased. The dipolar couplings 
can be plotted at each dephasing time to obtain the dipolar evolution trajectories or dephasing curves (Fig.1.3b). An 
Fig. 1.3: A schematic showing the REDOR pulse sequence, the orientation of the spins and the spatial 
part of the heteronuclear dipolar coupling Hamiltonian in (a) and a REDOR dephasing curve for C8 atom 
in 6-Fluorogramine 
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example of such dephasing curve (in red) is given for the 13C (C8)-19F spin pair in 6-Fluorogramine molecule in Fig. 
1.3b. The dephasing curves can be numerically simulated for a distribution of distances or for molecular motions and 
then compared to experimental dephasing curves68,69. Alternatively, the experimental dephasing curves can be 
analytically fit to the Bessel function of the first kind.  
The crucial considerations for designing REDOR measurement will be — (1) rigorous understanding of the 
pulse sequence, and (2) specific isotopic labeling of the sample. As can be seen in eqn. 1.1, the dipolar coupling 
depends on the g of the observed and dephasing nuclei, and the distance between them. Hence, larger the g, longer the 
range of the distance that can be measured. In previous studies, the common spin pairs to be studied are 13C-15N and 
13C-31P, where 13C is the observed nucleus46,55,63. To measure longer distances, spin pairs with higher g are preferred, 
like 1H-19F (ref. 70), 1H-13C (ref. 71), 13C-19F spin pairs36,46,62. Fig. 1.4 demonstrates the REDOR dephasing curves for 
different types of spin pairs with 6 Å distance between them. It is clear that 6 Å is the distance detection limit for 13C-
15 spin pair (Fig. 1.4a). However, as we move on to spin pairs with higher g nuclei (13C-31P and 13C-19F), we notice 
that the dephasing is much faster and hence distances greater than 6 Å can also be measured. In Fig. 1.4d-f, one of the 
spins involved is 1H, and that further improves the distance detection limit. For example, for 1H-19F spin pair (Fig. 
1.4f), a 6 Å dephasing curve fully dephases by 4 ms. At 25 ms dephasing, the distance detection limit is 20 Å (S/S0 is 
Fig. 1.4: Plots of S/S0 for different spin pairs — C-N, C-P, C-F, H-C H-P and H-F for 6 Å and till 25 ms dephasing time. For H-F 
spin pair, the plot for 20 Å is also shown in red 
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~0.9). If the g of the observed spin is high, that also aids in improving the sensitivity of the experiment. For example, 
instead of 13C, if we use 1H-detection, the sensitivity of the measurement should increase by 8 times72 (sensitivity is 
directly proportional to g 3/2). Theoretically, involving 1H as one of the REDOR spins will greatly increase the distance 
measurement range, but this approach has not been properly explored before.  The advantages of 1H-detection and its 
addition to REDOR are further explained in detail in section 1.3 and in chapters 2 and 3 in the thesis.  
In REDOR, only the dephased spin is being detected. 
This can lead to ambiguity in the presence of multiple dephasing 
spins. Sometimes it is necessary to identify the dipolar coupled 
spins among its natural abundance background73. This can be 
established by coherence transfer from one spin to another in the 
heteronuclear spin pair. This is analogous to REDOR and known 
as transferred echo double resonance (TEDOR)74,75. The antiphase 
coherence formed by dephasing of observed spins (I) by the rotor 
synchronized p-pulses on dipolar coupled spins (S) is transferred to the dephasing spins S by a pair of p/2 pulses 
(known as INEPT76 transfer). This antiphase coherence is then converted back to in-phase coherence by rotor-
synchronized p-pulses on I spins and detected (Fig. 1.5). This pulse sequence can then be used to frequency label the 
dephasing spins (S) whereas REDOR sequence was frequency labeling the observed spins (I). Like REDOR, TEDOR 
will also provide extremely precise and quantitative heteronuclear distances and they will be un-ambiguous in nature. 
TEDOR method has been used multiple times for providing quantitative distance restraints for biomolecular structure 
determination77–81.  
Most of the studies in the past couple of decades have focused on selectively or sparsely labeling the desired 
pairs of nuclei in the system of interest10,42–44,62,65,66, particularly large biomolecular systems, which can be tedious and 
give poor yield. In 2001, a new modification was introduced in REDOR and TEDOR technique, where the refocusing 
pulse on the observed and dephasing spins in the middle of two REDOR p-pulse trains was frequency-selective in 
nature63,75,82. This means that even if the sample is uniformly isotopically labeled, the frequency-selective pulse will 
make sure to select only the desired pair of nuclei. As a proof of concept, this has been successfully demonstrated on 
peptides and small proteins77,78. In the studies performed in the thesis, we will show how we have further designed 
frequency-selective REDOR (Chapters 2 and 3) and TEDOR (Chapter 4) with 1H-detection and their fitting procedures 
Fig. 1.5: Schematic of TEDOR transfer between 
two heteronuclear spins — I and S 
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so that measurements can also be done in the uniformly labeled large biological samples. Since uniformly labeled 
biomolecules are easier to synthesize, purify and has higher yield than specifically labeled samples, this is a significant 
improvement in the REDOR timeline.  
1.5. Benefits and Requirements of 1H detection 
Over the years, SSNMR techniques have developed around the core concept of low g nuclei 13C and 15N 
detection. 1H detection provides higher sensitivity than 13C and 15N nuclei by 8 and 30 times, respectively72. 1H 
detection is already widely-used in solution NMR, but it is difficult to implement in SSNMR, because of large 1H-1H 
dipolar couplings. For a 1H-1H spin pair with 1 Å internuclear distance, the dipolar coupling is ~120 kHz. Unless the 
MAS> 120 kHz, the dipolar coupling will not be averaged to zero. The linewidths in 1H-detected spectrum can go 
upto 40 kHz in these scenarios72. The 1H-1H homonuclear dipolar coupling can be suppressed using decoupling 
sequences like frequency-switched Lee-Goldburg sequence (FSLG)73 and combined rotation and multiple pulse 
spectroscopy (CRAMPS)84. But these decoupling sequences mean high power has to go through 1H channel and hence 
requires complex instrumentation. Hence, to make 1H detection possible in SSNMR, two techniques have been 
successfully used for the last decade. One is advancing the MAS technologies so that ultra-fast spinning frequencies 
(>~30 kHz) are possible that partially averages out the dipolar coupling85. The homogenous 1H linewidth is inversely 
proportional to the spinning speed and hence even spinning at >40 kHz can give ~1 ppm linewidths86. Another 
approach is partial or complete deuteration of the biological moieties that reduced the 1H network in the sample, 
thereby reducing the counts that two 1H spins can be close to one another85,87. The latest trend in 1H detection has been 
combining ultra-fast spinning with perdeuteration in biological samples to obtain sub-ppm linewidths71,88–90.  
 An advantage of perdeuterating the protein is to remove the non-exchangeable protons that are present in the 
groups like CH, CH2 and CH3. 2H has g-value 6 times lower than 1H91. Since the dipolar coupling between two spins 
is directly proportional to their g-values, the reduction in g-value significantly reduces the dipolar coupling between 
the two spins. Hence the rate of transverse magnetization decay (T2) of exchangeable 1H, like NH, NH2 and OH, and 
other spins present in the biomolecules, like 13C and 15N decreases. T2 is the relaxation constant characterizing the 
exponential magnetization decay of the transverse component due to spins dephasing from each other. As mentioned 
previously, the maximum REDOR dephasing and optimal TEDOR transfer are functions of both heteronuclear 
coupling between the two spins and the T2 of the observed nucleus. A longer T2 value corresponds to slower transverse 
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magnetization decay and hence longer detection range for REDOR dephasing/ TEDOR mixing.  For detecting a weak 
dipolar coupling, or a long-range distance, a longer T2 value is beneficial. The increase in T2 due to perdeuteration of 
globular and fibrillar proteins have been shown multiple times before87,92,93. 1H-detection thus provides the benefits of 
enhanced sensitivity, and ultra-fast spinning and perdeuteration provides the added advantage of enhanced resolution 
and longer T2 values. 
 Since perdeuteration results in loss of the non-exchangeable 1H in a protein, it becomes tricky to obtain 
information about the side-chain orientations of aliphatic and aromatic amino acids in the protein. A few different 
labeling techniques have been utilized to circumvent this problem. Residual protonation in highly deuterated peptides 
or proteins have been harnessed into an approach termed ‘Residual Adjoining Protonation’ (RAP)94. Protein samples 
are prepared with low amount of H2O (5%) in D2O. This results in the low level of protonation in aliphatic groups and 
has been used to collect 13C-1H 2D for identifying aliphatic contacts in a protein fold95,96. The 2nd approach involves 
the labeling of methyl groups of Ile, Val and Leu as CH3 or CD2H during protein expression using a-ketoacid 
precursors97–100. Although they provide 100% site-protonation for these methyl groups, they do not provide any 
information about the rest of the aliphatic sites and can only provide tertiary contacts between methyl groups. The 3rd 
approach is termed ‘Proton-Cloud Labeling’ where fully protonated amino acids are incorporated in an otherwise 
perdeuterated protein101. All of these approaches require preparation of samples with specific labeling patterns which 
are oftentimes time and cost inhibitive.  
The ideal scenario would be to obtain side-chain tertiary contacts from all the aliphatic and aromatic amino 
acids with exchangeable protons present in 
the perdeuterated protein. REDOR will be an 
effective method to obtain these tertiary 
contacts in the protein. With addition of 1H-
detection to REDOR, we can probe 1H-13C 
distances between backbone amide 1H or 
sidechain amino 1H and the sidechain 13C 
atoms (from both aliphatic and aromatic 
amino acids). Chapters 2, 3 and 4 illustrate 
how utilization of 1H-detection can really 
Fig. 1.6: Schematic of 1H-detected frequency-selective REDOR pulse 
sequence and the REDOR effects obtained on a uniformly-13C, 2H, 15N- 
labeled GB1 protein, 30% back-exchanged to 1H. The 1H-13C spin pairs 
showing REDOR effects are demonstrated as CPK representation on the 
GB1 protein (backbone as trace) 
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help in improving REDOR and TEDOR techniques for long- range distance measurements in biomolecules and 
biomolecular complexes. Chapter 2 in this thesis introduce a modified pulse sequence combining 1H detection to 
REDOR to obtain secondary and tertiary structural features in a perdeuterated protein at 33 kHz MAS (Fig. 1.6). 
Chapter 3 applies this pulse sequence to uniformly 13C, 2H, 15N labeled GB1 protein, back-exchanged to 30% 1H to 
extract 1H-13C dipolar dephasing trajectories and fit them to Bessel function to obtain quantitative and precise 1H-13C 
frequency-selective REDOR distances. Chapter 4 introduces another pulse sequence, 1H-detected frequency-selective 
TEDOR, that would frequency label the 13C spin in the 1H-13C spin pair and hence the obtained 1H-13C distances are 
quantitative, precise and un-ambiguous in the case of a uniformly isotopically labeled protein. 
1.6. 19F — the ‘Magic’ Nuclei for Drug Development and NMR 
To investigate the biomolecular structures or their complexes, for e.g. binding of small molecules to a-syn 
fibrils, it is important to have an NMR active site inside the structure or near the binding site that can report on the 
structure and interactions through chemical shift perturbations (CSP) and internuclear distance measurements. 19F can 
be one of such probes due to its popularity in the drug design as well as its advantages as an NMR active nucleus.  19F 
provides high metabolic stability to the small molecule, and its high electronegativity and electron withdrawing effect 
allows it to modulate the lipophilicity and the pH dependent properties of the small molecule102. Moreover, a small 
molecule containing 19F has good binding affinity because of the polar C-F — C=O (in the biomolecule) orthogonal 
interactions102. Fluorinated small molecules/ ligands containing the 18F isotope have been developed as Positron 
Emission Tomography (PET) imaging agents for Alzheimer’s Disease13,15. Some examples of such FDA approved 
imaging agents are Flutemetamol, Florbetapir, Florbetaben103. 18F containing PET imaging tracers are also being 
developed for PD.  
Distance measurements between the 19F present in the small molecule or the biomolecule itself and the 
13C/15N nuclei in the biomolecule will be advantageous for understanding the intramolecular interactions at the 
atomistic level. Among the spin-1/2 isotopes that can be site-specifically incorporated into proteins and drugs, 19F has 
the largest g, and therefore offers the largest distance measurement range for REDOR. It has 100% natural abundance, 
hence provides high sensitivity. Since 19F is rarely incorporated in the biological systems naturally, it has no 
background signal, which is a great convenience for NMR104.  
19F has been previously used multiple times to study intra- or inter- biomolecular interactions. 19F labeled 
molecules (termed as ‘spy molecules’) are used in an NMR screening method called FAXS (Fluorine Chemical Shift 
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Anisotropy and Exchange for Screening)105 where small molecules or ligands compete with this 19F-molecule to bind 
to the target. The broad signal from the 19F labeled molecule – target complex becomes a sharper signal when a ligand 
with stronger binding affinity binds to the target and replaces the 19F-labeled molecule. Another technique called 
FABS (Fluorine Atoms for Biochemical Screening)105 require the ligands to be 19F-labeled. The 19F-signal before and 
after binding are processed to screen multiple ligands. 19F-labeled peptides and proteins have also been used for 
structure and function analysis in SSNMR. For example, CF3-phenylglycine labeled peptides have been used to 
determine the peptide orientation in membranes104. Paclitaxel, a microtubule stabilizer, is a major cancer 
chemotherapeutic agent. To determine the orientation of the bound form of paclitaxel, it was 19F-labeled and its 
interaction with tubulin was studied via 2H{19F} REDOR106. The study probing the interactions between Sulindac, an 
NSAID and Ab- fibrils have used 13C{19F}REDOR to look at the fibrils at the atomistic level using the 19F moiety 
present in the drug36 . Hence, 19F-REDOR has been established previously as a tremendously powerful technique to 
probe protein structure and site-specific interactions between proteins and ligands. 
There are three different ways of introducing a 19F nucleus in a protein107–109 — (1) biosynthetically 
incorporating the required fluorinated amino acids during the growth of E. coli cells, (2) site-specifically incorporating 
fluorinated amino acids with recombinantly expressed orthogonal amber tRNA/tRNA synthetase pair in E. coli, and 
(3) site-directed mutagenesis to introduce specific amino acids for biochemical modification.  Due to the toxic nature 
of the fluorinated amino acids, the yield in (1) and (2) are usually low109. Chapter 5 in this thesis illustrates the use of 
site-specific mutagenesis and 19F-labeling through biochemical modification of proteins like GB1 and a-syn fibrils 
(Fig. 1.7). The significance of such 19F-labeled proteins are manifold — (a) optimization of intermolecular 15N-
19F/13C-19F/1H-19F REDOR distances in small molecules covalently attached to the protein, (b) establishment of 
Fig. 1.7: Schematic diagram showing the chemical modification of the thiol moiety (-SH shown in yellow) of C85 in 13C, 15N  
uniformly labeled A85C α -syn mutant with 1,1,1-trifluoro-3-bromoacetone (BTFA) in PEN Buffer (50 mM NaH2PO4, pH 7.4, 
0.01% NaN3, 0.1 mM EDTA) at 4 °C. The last step depicts performing 13C -detected 19F -dephased REDOR on the 19F- 
labeled fibril. A cartoon representation of the librational motion of the TFA moiety (black dotted cone) is shown that has 
been used to determine the distances (solid grey lines) of G84 and G86 Cα atoms from the 19F atom 
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standard 15N-19F/13C-19F/1H-19F REDOR distances for small molecule ligand binding non-covalently to the protein, 
(c) utilization as a scaffold for interaction with non-fluorinated lipids, small molecules and other proteins, (d) 
determination of tertiary structure of proteins through REDOR distances measurements, and (e) provision of means 
to introduce 18F isotope in a fibril for PET imaging.  
Chapter 5 also demonstrates 15N-19F REDOR and 13C-19F REDOR performed on a few small molecules, GB1 
protein and a-syn fibrils (Fig. 1.7). The maximum distance range achieved with 13C-19F REDOR is ~10 Å. As 
mentioned previously (Fig. 1.4), this range can be maximized (15-20 Å) by utilizing 1H and 19F as REDOR spins in 
the heteronuclear pair. Interestingly, 1H-19F as REDOR spin pair has only been assessed once in a small peptide70 and 
never before in a fair-sized protein. This is probably due to the difficulty in suppressing the strong 1H-1H homonuclear 
coupling during 1H-19F REDOR period. As shown in Chapters 2, 3 and 4, perdeuterated proteins and fast MAS can be 
used to negate the need for multiple pulse decoupling approaches for removing 1H-1H couplings. Additionally, 
perdeuteration enhances the T2, thereby enhancing the distance detection range for 1H-19F REDOR. If 1H spin is 
detected in this case, as is possible due to the pulse sequences introduced in Chapters 2 and 4, then we can improve 
the sensitivity as well. Overall, the studies presented in Chapters 2 through 5 have set up the stage for performing 1H-
19F REDOR with 1H-detection in biomolecules like a-syn fibrils and their complexes (Fig. 1.8). Chapter 6 will exhibit 
the results from the application of 1H-detected REDOR with 19F-dephasing in a 19F-labeled a-syn fibril. 
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1H-detected REDOR with Fast Magic-Angle Spinning of a Deuterated Protein 
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2.2. Abstract 
Rotational echo double resonance (REDOR) is a highly successful method for heteronuclear distance 
determination in biological solid-state NMR, and 1H detection methods have emerged in recent years as a powerful 
approach to improving sensitivity and resolution for small sample quantities by utilizing fast magic-angle spinning 
(>30 kHz) and deuteration strategies.  In theory, involving 1H as one of the spins for measuring REDOR effects can 
greatly increase the distance measurement range, but few experiments of this type have been reported. Here we 
introduce a pulse sequence that combines frequency selective REDOR (FSR) with 1H detection. We demonstrate this 
method with applications to samples of uniformly 13C, 15N, 2H-labeled alanine and uniformly 13C, 2H, 15N-labeled 
GB1 protein, back-exchanged with 30% H2O and 70% D2O, employing a variety of frequency-selective 13C pulses to 
highlight unique spectral features.  The resulting, robust REDOR effects provide (1) tools for resonance assignment, 
(2) restraints of secondary structure, (3) probes of tertiary structure, and (4) approaches to determine the preferred 
orientation of aromatic rings in the protein core.  
2.3. Introduction 
Magic-angle spinning (MAS) solid-state NMR (SSNMR) spectroscopy is a powerful technique for 
elucidating the structures of insoluble proteins, especially amyloid fibrils and membrane proteins, and small molecule 
ligand-bound biological complexes1-7. Three-dimensional (3D) structure determination of proteins generally relies 
upon large numbers of semi-quantitative distances and is greatly enhanced by the availability of quantitative distance 
restraint measurements. Rotational echo double resonance (REDOR) is a well-known SSNMR method for measuring 
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heteronuclear distances8-9, and it has been used extensively for studies of small molecules, proteins and bimolecular 
complexes10-12. Analogous TEDOR approaches have been developed13 and applied to the determination of high-
resolution protein structures14-15. The measurable distance depends on the gyromagnetic ratio (g) of the nuclei. Since 
1H has the highest gyromagnetic ratio of any stable isotope, the longest theoretical distance range for REDOR would 
be achievable with 1H-19F pairs, as demonstrated by Hong and co-workers16 utilizing low-g nucleus detection, followed 
by 1H-31P and 1H-13C.  
Utilizing 1H as the detected nucleus in such REDOR cases potentially adds another advantage of increased 
sensitivity. Significant technological advances in the field of SSNMR over the last decade have enabled the routine 
use of 1H-detected experiments for biomolecular structure determination17-20. The two main factors that have advanced 
1H detection are (ultra)-fast magic angle spinning (MAS), ranging from 30 to >110 kHz21 and complete or partial 
deuteration of the protein21-22. The 1H line width is inversely proportional to the spinning rate, and so even fully 
protonated samples yield sub-ppm line widths at 30 to 40 kHz MAS17,23. Deuteration and partial back-exchange with 
H2O further reduce the average 1H-1H dipolar couplings and in combination with fast MAS rates enhance the 
resolution of the 1H-detected spectrum and transverse relaxation times (T2)24-25.  State-of-the-art approaches now can 
often yield ~0.1 ppm or better amide 1H linewidths18,20-22. 
Previous 1H-X REDOR studies have emphasized spectral filtering based on coupling magnitude26-28. The 
initial implementation, called medium and long distance heteronuclear correlation (MELODI-HETCOR), focused on 
suppressing the one-bond 1H-13C correlation through dephasing of 1H magnetization by REDOR p pulses on 13C, and 
detecting medium- and long-range 1H-13C correlations in a HETCOR spectrum26. This method was applied at moderate 
MAS rates (6 to 10 kHz), requiring a frequency-switched Lee-Goldburg (FSLG)29 sequence to suppress the 1H-1H 
homonuclear couplings. An additional crucial requirement for this experiment is a partially 13C-labeled protein.   
Here we introduce a modified pulse sequence that produces a 15N-1H correlation spectrum in which the peak 
intensities depend on selective REDOR dephasing from 13C. Optimal resolution is obtained in a deuterated protein 
with fast MAS, negating the need for multiple pulse decoupling approaches for removing 1H-1H homonuclear 
couplings. Furthermore, due to the increased 1H T2 relaxation times, the 1H magnetization can be dephased for a longer 
time (on the order of 15-20 ms), in principle enabling longer 1H-X distances to be detected with this pulse sequence 
(up to 15-20 Å).  But since the coupling magnitudes are so large (>1 kHz) for many structurally informative distances 
(vide infra), even REDOR applied for ~1 ms is more than sufficient to reveal a variety of unique effects that depend 
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on the details of protein structure. Band-selectivity of the REDOR dephasing30 is achieved with frequency-selective 
soft p-pulses applied to the 13C nuclei.  In addition to backbone (Ca and C’) selective versions for spectral filtering, 
we also evaluate cases in which the p-pulses are applied to the methyl and aromatic regions. These results provide 
insights into resonance assignment, secondary and tertiary structure, and preferred sidechain orientations. 
2.4. Experimental Methods 
2.4.1. Preparation of Uniformly 13C, 15N, 2H-Labeled Ala 
 13C3, D4, 15N labeled L-Ala was purchased from Cambridge Isotope Laboratories (Andover, MA), exchanged 
into 99.9% D2O, lyophilized and then re-crystallized by slow evaporation of a saturated (~250 mg/mL) solution at 
room temperature. The crystals were crushed to make a fine powder sample and 4 mg was packed in a 1.6 mm 
FastMAS rotor (Revolution NMR, LLC, Fort Collins, CO). 
2.4.2. Preparation of Uniformly 13C, 15N, 2H-Labeled GB1 
 Uniformly 13C, 15N, 2H labeled (U-CDN) GB1 protein was expressed in E. coli cells and purified according 
to Ref. 31. The purified protein was dialyzed into 30:70 H2O:D2O buffer, concentrated to ~25 mg/mL and precipitated 
with 2-methyl-2,4-pentanediol (MPD) and isopropanol (IPA) solution according to Ref. 32. Microcrystals were 
ultracentrifuged and ~4 mg packed into a 1.6 mm FastMAS rotor (Revolution NMR, LLC, Fort Collins, CO). 
2.4.3. 1H-Detected Frequency Selective REDOR (FSR) Pulse Sequence 
Fig. 2.1: Pulse sequence for 1HN-detected frequency selective REDOR spectroscopy. The 1H magnetization is transferred to 15N 
for indirect evolution and then transferred back to 1H for detection. A REDOR period is added before detection to dephase the 1H 
magnetization with nearby 13C atoms (more details in text). The phase cycles were as follows: f1 = x,x,-x,-x; f2 = x,x,x,x,-x,-x,-
x,-x; f3 = y,-y; f4 = y,y,-x,-x; f5 = y,y,x,x,x,x,y,y,-x,-x,y,y,y,y,-x,-x,-y,-y,-x,-x,-x,-x,-y,-y,x,x,y,y,y,y,x,x; f6 = x,y,x,y,-x,-y,-x,-y; 
f7 =  x,-x,-y,y,x,-x,-y,y,-x,x,y,-y,-x,x,y,-y 
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 The pulse sequence (Fig. 2.1) starts with adiabatic cross-polarization (CP)33 from 1H to 15N, followed by 
evolution in t1 with low power TPPM 1H decoupling34-35. After evolution, the 15N magnetization is stored along the z-
axis in a constant time manner, and MISSISSIPPI solvent suppression is applied36, followed by 15N-to-1H CP. The 
FSR30 period starts with in-phase 1H magnetization, which evolves under REDOR by applying two p-pulses per rotor 
period on the dephasing channel (13C in this case).  The 13C-13C dipolar interactions present in a fully 13C labeled 
protein will be reintroduced by the application of the p-pulse trains on 13C and hence will lead to some additional 
signal decay. We also attempted versions with one π pulse per rotor period on each channel (Fig. 2.2) or all the π 
pulses on 1H; both resulted in less satisfactory performance due to 1H-1H recoupling effects. A simultaneous hard p-
pulse on the 1H channel and a soft frequency selective p-pulse on the dephasing channel are applied in the middle of 
the REDOR period (after the first train of REDOR p-pulses, with the hard p-pulse centered on the soft p-pulse), with 
extra rotor periods before and after the REDOR to ensure an in-phase echo for detection with minimal baseline 
distortion. The soft pulse on 13C will also lead to partial removal of the recoupled 13C-13C interaction. The S0 
experiment is performed with no REDOR π-pulse train on the dephasing channel, and the S experiment is performed 
with all the REDOR π-pulses. The 1H magnetization is then detected in the direct dimension with WALTZ decoupling 
applied to both 15N and 13C.  
 2.4.4. Solid State NMR (SSNMR) Spectroscopy 
Experiments on U-CDN Ala were carried out at 11.7 T (500 MHz 1H frequency) on a Varian (Walnut Creek, 
CA and Loveland, CO) VNMRS spectrometer with a 1.6 mm HCDN FastMAS probe. Experiments on U-CDN GB1 
Fig. 2.2: Application of REDOR p- pulses on different channels (1H or 13C). The 1HN 1D spectra on uniformly 1H,13C, 
15N labeled GB1 are shown when the REDOR p-pulse trains are on aromatic region for 600 µs. S0 spectrum is in black 
(collected without REDOR p-pulse trains) and S spectrum is in red (collected with REDOR p-pulse trains). In (a) both 
the p-pulses in one rotor period are on the 13C channel, whereas in (b), one p-pulse is on 13C channel and the other is on 
1H channel 
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(30% H2O back exchanged) were carried out at 17.6 T (750 MHz 1H frequency) on Varian VNMRS spectrometer with 
a 1.6 mm HFXY FastMAS probe configured in HFCN mode. On both the instruments, the spinning was controlled at 
33333 ± 10 Hz by a Varian MAS controller. The variable temperature gas was maintained at 0 °C resulting in an 
approximate sample temperature of 15-20 °C. 13C chemical shifts were referenced externally with adamantane at 40.48 
ppm for the methylene signal38. 
1H detected FSR on U-CDN Ala. The p/2 pulse widths were 1.4 µs for 1H, 3.6 µs for 15N, 1.4 µs for 13C. The contact 
time for 1H-to-15N CP transfer and 15N-to-1H CP transfer was 1.6 ms. The indirect dimension was not digitized in this 
experiment (since there is only one 15N frequency). The soft (Gaussian) p pulse was applied for 600 µs Gaussian pulse 
with Gaussian shape and a maximum nutation frequency of ~5.2 kHz power on the 13C channel. The REDOR p-pulse 
widths were 2.8 µs. The 13C channel transmitter frequency was set to three different values for exciting different 13C 
atoms in Ala, 13Ca (50 ppm), 13CO (175 ppm) and 13CH3 (20 ppm). The dephasing time was varied from 0 to 1.2 ms. 
64 scans were collected for each experiment. 
1H site-specific T2 measurements on U-CDN GB1. The 15N-1H 2D experiment with a 1H refocusing p-pulse before 
detection was used to measure the 1H T2 for each residue. The echo time was varied in 18 steps from 60 µs to 21.6 
ms. The contact time for 1H-to-15N CP transfer was 900 µs and 15N-to-1H CP transfer was 360 µs. The indirect 15N 
dimension was digitized to 23 ms and the 1H acquisition time was set to 20 ms. ~10 kHz of decoupling power through 
TPPM decoupling was applied on 1H during indirect evolution on 15N.  
1H detected FSR on U-CDN GB1. The contact time for 1H-to-15N CP transfer was set to 900 µs and 15N-to-1H CP 
transfer was set to 360 µs. The indirect 15N dimension was digitized to 23 ms. TPPM decoupling (~10 kHz, 50° phase, 
50 µs pulse width) was applied on 1H during indirect evolution on 15N. The S0 experiment was performed with a 
refocusing hard p-pulse on 1H and a soft Gaussian p pulse (600 µs duration) on the 13C channel. The S experiment 
was performed with additional REDOR p-pulse (4 µs pulse width) trains on the 13C channel. Four versions of the 
experiment were performed, each with the 13C channel transmitter frequency set to a particular region: 13Ca (50 ppm), 
13CO (175 ppm) and 13CH3 (20 ppm) and aromatics (130 ppm). The bandwidth of the soft pulse was ~15 ppm. 15N-1H 




2.4.5. Data Processing 
The 1H-detected FSR 1D spectra collected on Ala were processed in Mnova NMR software (MESTRELAB 
2014), with polynomial baseline correction. 2D spectra were processed using NMRPipe39 with back linear prediction 
and polynomial baseline correction applied to the direct dimension. Lorentzian-to-Gaussian apodization, phase-shifted 
sine bells and zero filling were applied to both dimensions. 
Microsoft Excel for Mac 2011 (version 14.7.1) software was used to plot and fit the 1H T2 values   assuming 
a single exponential decay. Error analysis was performed by fitting the natural log of the intensities with the Excel 
‘LINEST’ function to extract the standard error associated with the slope of the linear fit (slope is equivalent to 1/T2). 
The standard error was then converted to standard deviation and propagated to determine the standard deviation 
associated with T2 of each residue. 
2.5. Results and Discussion 
2.5.1. REDOR Effects on Residual Amino Protons in U-CDN Ala 
We initially tested the pulse sequence with U-CDN Ala, a small model compound with ~0.1% residual amino 
group protons from the crystallization. The low protonation level greatly reduces the average 1H-1H dipolar couplings, 
resulting in line widths of 0.5 ppm or less at 33.333 kHz MAS rate. Thus, we obtained site-specific 13C-dephased 1HN 
spectra (Fig. 2.3), allowing us to evaluate the specificity of the REDOR effect with selective pulses. The 13Ca is an 
average of ~2.2 Å from the amino 1H (assuming three-site hopping in the fast limit), the shortest 13C-1H distance 
available in this dephasing (DS/S0 = 0.7) already at 360 µs (Fig. 2.3a). The 13CH3 and the 13CO are each effectively 
~2.8 Å from the amino (taking motional averaging into account), and in these cases a slightly smaller dephasing (DS/S0 
= 0.5) is observed when the REDOR p pulses are on the 13CH3 and 13CO region (Fig. 2.3b,c).  
Fig. 2.3:  Application of 1H detected FSR pulse sequence on uniformly 2H, 13C, 15N labeled Ala (residual protonation level is 
1%). The 1HN 1D spectra are shown when the REDOR p pulse trains are on (a) 13Ca region, (b) 13CO region, and (c) 13CH3 
region. S0 spectrum is in black (collected without REDOR p pulses on 13C channel) and S spectrum is in red (collected with 
REDOR p-pulses on 13C channel) 
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2.5.2. 1H-15N Correlation Spectrum of GB1 at 30% Protonation Level 
 The 1H line width in fully protonated and 
100% back-exchanged GB1 protein at 40 kHz MAS 
was reported as ~1 ppm17 and at least 0.2 ppm24 
respectively, with partial overlap especially in central 
region of the spectrum (115-126 ppm 15N and 8.0-9.5 
ppm 1H), as well as in the Thr residues which were 
systematically broader due to the high level of 
sidechain protonation. Akbey et al.22 demonstrated 
that the optimal combination of 1H resolution and 
sensitivity at ~30 kHz MAS is in the range of 30% to 
40% H2O back-exchange. We therefore utilized a 
30% protonation level for the U-CDN GB1 sample, 
resulting in a 15N-1H spectrum (Fig. 2.4) that is 
almost entirely resolved. The 1H line widths are 
typically 0.1 ppm (60 to 80 Hz at 750 MHz 1H 
frequency); roughly 20 Hz of this line width is 
contributed from the magnetic field inhomogeneity 
(based on the 13C line width in adamantane of ~5 Hz). 
Even the central region is mostly resolved, with only 
a few partially overlapped peaks (like K31/D36 and 
K4/A23/A34). The fractional back-exchange has an 
especially large benefit for Thr residues, and the 
individual amine protons of the Asn/Gln side chains 
are resolved.  
 As expected, based on the overall 
improvements in the resolution of the 1H-15N 
spectrum, the T2 values were also greatly improved relative to 100% back-exchanged sample studied previously24.  
Fig. 2.4: 15N-1H 2D spectrum of uniformly 13C, 15N, 2H labeled 
GB1 protein, back-exchanged with 30% H2O. The high level of 
deuteration of GB1 allows optimal resolution in 1H dimension  
Fig. 2.5:  Site-specific T2 measurements of backbone amide 1H in 
uniformly 2H, 13C, 15N labeled GB1 protein, back exchanged to 
30% amide 1H. The transverse relaxation time varies from 3 ms 
(T25) to 83 ms (D40). The residues that are not observable or 
overlapped in a N-H 2D spectrum are not shown here. The error 
bars represent standard deviation calculated using linear 
regression model (described in text in details) 
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We measured the bulk 1HN T2 of GB1 to be around 13 ms (measured with a Hahn echo directly before acquisition. 
with 15N-filtering).  We also measured site-specific T2 values with a series of 2D 1H-15N correlation spectra with 
incremented Hahn echo times prior to detection (Fig. 2.5 and Fig. 2.6).  In this manner, we were able to determine 
site-specific T2 values for 43 backbone amide sites, which range from 3 to 83 ms (Fig. 2.5).  Even the fastest relaxing 
sites (e.g., T25, Y45) (Fig. 2.6) had more than sufficient echo lifetimes to enable application of the REDOR experiment 
directly on the 1H transverse magnetization.  In the following sections we demonstrate the magnitude of these REDOR 
effects and the utility for assignment and conformational analysis.  
Fig. 2.6: Example of Hahn echo 1HN relaxation data fitted to an exponential decay for certain residues, Q2, T16, T25, D40, 
Y45 and E56, in GB1.  For T25 (c) and Y45 (e) respectively, the data points beyond 13 and 18 ms have been excluded due to 
low signal-to-noise ratio  
 28 
2.5.3. 1H{13C} REDOR Effects in GB1 Spectra 
Fig. 2.7:  13C dephased 15N-1H REDOR difference spectra (S0-S) collected on uniformly 2H, 13C, 15N labeled GB1 protein, 
back exchanged with 30% 1HN. (a-c) Spectra with 13Ca dephasing at 240 µs, 360 µs and 600 µs respectively. (d-f) Spectra 
with 13C(methyl) dephasing at 240 µs, 600 µs and 960 µs. (g-i) 13C(aromatic) dephasing at 240 µs, 600 µs and 840 µs 
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Dephasing by 13Ca emphasizes backbone correlations.  Three versions of the 13C-dephased, 1H-detected REDOR 
experiment are illustrated in Fig. 2.7, for different soft pulse bandwidths and mixing times, presented as difference 
spectra (S0-S).  First, we examined the 13Ca-dephased version, which results in strong REDOR effects at only 240 
(Fig. 2.7a) to 360 µs (Fig. 2.7b), as expected due to the short 1HN to 13Ca distance (~2.1-2.2 Å) and corresponding 
dipolar coupling of ~3 kHz.  All the residues show significant REDOR effects, with roughly a third (18) exhibiting 
>50% dephasing (DS/S0 > 0.5) at 240 µs, and most of the remaining (32 additional) sites reaching this threshold by 
360 µs.  These spectra are effective for providing a filtered spectrum including only the backbone, since the sidechain 
amine sites show significant dephasing only at 600 µs (Fig. 2.7c).  For example, the N37-Hd1 (DS/S0 = 0.3), N37-Hd2 
(DS/S0 = 0.5) and W43-He (DS/S0 = 0.3) signals appear with significant intensity. In general, helical Asn/Gln residues 
have shorter distances from the sidechain amines to the backbone 13Ca atoms (3.2-4.2 Å distance between amine 1H 
and intraresidue Ca or i±1 residue Ca) than the sidechain amine of those residues in b-strands (4-5.5 Å distance 
between amine 1H and intraresidue 13Ca). In GB1, Q2 and N8 are on b-strands, whereas Q32, N35 and N37 are on 
the helix. In particular, the intraresidue distances to Ca are 3.2 Å for Q32-He1, 3.4 Å for N37-Hd1, and 4.2 Å for 
N35-Hd2.  In addition to the short intraresidue distances, helical Asn/Gln residues can have relatively short 
interresidue Ca distances; both D36 (4.2 Å) and A34 (4.3 Å) Ca sites contribute to the N37d1 dephasing, which is 
the strongest among all the sidechain signals here.   
Extent of methyl-13C dephasing depends on secondary structure. The second version of the experiment was performed 
with methyl-specific dephasing.  It is notable that even for small methyl-bearing residues (Ala, Thr and Val), the 1HN 
and 13C(methyl) are separated by at least three bonds and therefore the internuclear distance depends on the backbone 
f angle (for all cases) and additionally on the c1 angle for Thr and Val.  This is notable and unlike the 15N-13Cb 
distance in Ala, for example, which is ~2.5 Å and invariant to dihedral angles, or the 15N-13Cg distances in Thr and 
Val which depend only on c1.  As a result of the 1HN-13C(methyl) conformation dependence, at 240 µs REDOR time 
(Fig. 2.7d) the methyl-bearing helical residues (A23/A34, A24, T25, A26 and V29) appear with greatest intensity 
(DS/S0 > 0.2), along with some loop (V21 and T49) and residues neighboring methyls (F30).  No b-strand residues 
show up at this short REDOR time; thus, the effect in this case begins to provide a restraint on secondary structure. 
At increasing mixing time (Fig. 2.7e) the magnitude of the REDOR effect increases (DS/S0 > 0.5) and additional 
methyl-bearing residues (I6, T16, T18, A20, V39, A48 and T55) show up prominently. In addition, there are sites that 
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begin to report on longer-range interactions, such as K13 and Q32. After 960 µs of dephasing (Fig. 2.7f), almost all 
the backbone amide 1H start showing strong modulation in intensity (DS/S0 > 0.5).  Thus, the most informative mixing 
times for the methyl-dephased version of the experiment are in the range 240 to 600 µs. 
Aromatic dephasing reveals tertiary contacts. Performing the aromatic-selective version selects for 13C sites that are 
at least (for the 13Cg) four bonds from the intraresidue 1HN and often (for the remainder of the ring) closer to the amides 
of neighboring or long-range residues. This observation is immediately apparent in Fig. 2.7g, since GB1 has six 
aromatic residues (Y3, F30, Y33, W43, Y45 and F52), yet roughly 15 peaks show similar intensities at short REDOR 
time, and none of the aromatic residues show strong attenuation in intensity of their own backbone amide 1H. In fact, 
the two strongest REDOR effects are observed to W43-He (which has two aromatic 13C sites, 13Cd1 and 13Cd2, within 
~2.2 Å bonds of the He) and, surprisingly, D46.  (We will discuss this observation further in the following section). 
Within 600 µs or aromatic REDOR 13C dephasing (Fig. 2.7h), the backbone amide 1HN signals of the aromatic residues 
appear, and Y3, W43, Y45 and F52 exhibit DS/S0 > 0.4. Few other non-aromatic amino acids like V21/E27, N37 
(sidechain) also show substantial REDOR effects at this time point, and the magnitude continues to increase as 
expected at 840 µs (Fig. 2.7i). 
2.5.4. Quantitation of REDOR Effects and Structural Interpretation 
In order to investigate the more nuanced site-specific details of the REDOR effects observed above, we examined 
the intensity changes (DS/S0) of the 15N-1H correlations by residue number at 600 µs for the methyl and aromatic 
versions of the experiment (Fig. 2.8). The plot of the methyl-dephased data (Fig. 2.8a) illustrates the extent of 
backbone and sidechain 1HN sites that have been dephased. To examine the detailed variations in REDOR effects and 
their relationships to the structural elements, we modeled the 1HN positions using WHATIF web server (Add Protons 
to the Structure)40 and the high-resolution crystal structure (PDB 2QMT).  Then we considered the distances from 1HN 
to methyl 13C sites. Almost all backbone 1HN sites are within 5 Å of some methyl groups, and so the average DS/S0 
value is ~0.4, but some sites show significantly larger effects (DS/S0 > 0.6).  For example, helical Ala residues exhibit 
nearly the shortest possible intraresidue HN-C(methyl) distance, which is 2.5 Å because a f angle of -60o results in an 
eclipsed HN-Cb (HN-N-Ca-Cb dihedral of ~0o).  Therefore, A23 and A34 exhibit a REDOR effect of >0.6 at 600 µs, 
and even larger effects are observed for A24 and A26, which have additional interresidue HN-C(methyl) distances of 
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< 3.5 Å.  Specifically, the A24-HN to A23-Cb distance is 3.3 Å and the A26-HN to A20-Cb distance is 3.2 Å (Fig. 
2.9a). 
 
For Thr and Val residues, the HN-C(methyl) distances range from 2.6 to 3.0 Å for eclipsed or gauche 
conformations.  For example, T49 (despite being present in a turn), has a HN-Cg2 methyl distance of 3 Å, as well as 
an interresidue T49HN-A48Cb distance of 3.3 Å, leading to leading to a strong REDOR effect of ~0.65 at 600 µs. 
V29, within the helix, has DS/S0 > 0.6, arising from the HN-Cg1 distance of 2.9 Å (the HN-Cg2 distance is 4 Å). T25 
is another helical residue that demonstrates a large DS/S0 (>0.7), in this case due to the short interresidue distance of 
3.0 Å from T25-HN to A24-Cb, which is significantly shorter than the T25HN-Cg2 intraresidue distance of 4 Å (Fig. 
2.9b). Thus, the strongest methyl-13C-dephased REDOR effects (DS/S0 between 0.6 and 0.8 at ~600 µs) arise from Ala 
Fig. 2.8: Plot of S/S0 intensity vs backbone amide (left) and sidechain (right) amino protons in uniformly labeled 2H, 13C, 15N 
labeled GB1 protein, back-exchanged with 30% amide protons. (a) shows the plot for 13CH3 dephasing for 600 us, and (b) 
shows the plot for aromatic 13C dephasing for 600 us. The residues showing maximum dephasing have been labeled. Red 
asterisks indicate that the corresponding residues have overlapped peaks in the 15N-1H spectrum  
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residues in helical conformations or from some Thr/Val residues with favorable conformations.  A number of other 
methyl-bearing residues or neighbors of methyl-bearing residues show REDOR effects are between 0.4-0.6.   
Dynamics plays an important role in determining the REDOR effects shown by methyl groups. The C3 axes 
of the methyl groups can undergo libration, thereby attenuating the 1HN-13C dipolar couplings. The methyl bearing 
residues whose side chains are extended in the solvent and not buried within the protein core will show such librational 
motions. One particular example in GB1 protein consists of V21 and V29. V21 is in a turn, with the 1HN-Cg1 distance 
as 2.6 Å and 1HN-Cg2 distance as 3 Å. Hence, V21 should show larger REDOR effect than V29.  But as mentioned in 
Fig. 2.9: GB1 structure illustrating origins of REDOR effects for the methyl bearing and aromatic residues. (a-b) shows a 
few methyl bearing residues Ala (a) and Thr, Val (b), (c) shows Y45 and D46, (d) shows F52 and E27, (e) shows Y3, K31 
and W43, (f) shows Y33 and N37. The black dotted lines indicate the distances between 1HN and C(methyl) (a-b) and 
C(aromatics) (c-f). Figure f shows distances to sidechain amino 1H of N37. All the figures have been rendered in VMD 
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Shi et al.32, the side chain of V21 is more mobilized than that of V29. This should explain the similar REDOR effects 
shown by V21 and V29. 
Fig 2.8b plots the DS/S0 intensity versus the residue number for the backbone 1HN and sidechain amino group 
1H for aromatic residues at 600 µs. The strong 13C-13C dipolar interactions present in a fully 13C labeled protein results 
in an average DS/S0 of 0.2. The residue showing the biggest REDOR effect (DS/S0 ~0.6) at 600 µs is surprisingly not 
an aromatic residue, but a neighboring one, D46, which we attribute to the Y45 aromatic ring being trans relative to 
its intraresidue 1HN (distances >4.3 Å) but in much closer proximity to D46HN; the distances from D46HN to Y45Cd2, 
Y45Cg and Y45Cd1 are 3 Å, 3.3 Å and 4.1 Å respectively (Fig. 2.9c). Hence, the REDOR effect shown by Y45 is 
~0.45. F52 shows the strongest intraresidue REDOR effects among the aromatic residues (DS/S0 ~ 0.5), given a 
gauche conformation and F52HN-Cd1 distance of 3 Å, as well as other aromatic carbons within 4.5 Å of the amide. 
The F52 aromatic ring is also responsible for dephasing of the E27HN which is ~4.3 Å from the F52Ce (Fig. 2.9d); 
the E27 REDOR effect of 0.4 is second strongest among the non-aromatic residues.  Y3 and W43 are the two other 
aromatic residues that have intraresidue REDOR effects > 0.4. Both Y3 and W43 aromatic rings are in a gauche 
conformation with respect to the HN (Fig 2.9e). Y3 1HN- Cg distance is 3.4 Å. W43 1HN-Cd1 distance is 3.5 Å.  A 
surprising observation among the sidechain amines is N37d1, which shows a REDOR effect of ~0.4, due to its 
orientation relative to the Y33 aromatic ring (Fig. 2.9f); the N37Hd1 to Y33Cd distance is 3.3 Å.  
To summarize, for aromatic residues with gauche conformations, the HN REDOR effects are between 0.4 and 
0.6 at 600 µs.  This is observed for Y3, W43 and F52 in GB1.  Substantially weaker intraresidue REDOR effects are 
observed for trans conformations (Y33 and Y45), and in these cases the neighboring (i+1) residues can show larger 
effects, as we observed for A34 and D46.  In some cases, long-range effects are detected involving the sidechain 
protons, such as in the case of N37.  
We note that for the aromatic version of the experiment utilized here, the soft pulse was centered among the 
aromatic signals at ~130 ppm, with a bandwidth of ~15-16 ppm, thus exciting the region from ~122 to ~138 ppm. 
This region encompasses the majority of aromatic frequencies, but with some notable exceptions.  For example, we 
might expect some attenuation of REDOR effects for Tyr Ce sites with upfield shifts (~120 ppm), and clearly the Tyr 
Cz at ~160 ppm is outside of the range noted here.  For Trp, the Cd atoms were inverted by the soft pulses here, but 
Cg (110 ppm) was outside of the bandwidth and other carbons would be near the edge of the soft pulse (Ce at 120 ppm 
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or 140 ppm and Cz at 120 ppm).  Finally, the Phe Cg atom is near the edge at 140 ppm. It is apparent that the effects 
are sensitive to this range of offset, and given this large range of possible excitable frequencies, further selectivity 
could be achieved with soft pulses centered at ~160 ppm or ~110 ppm in order to detect backbone correlations in a 
residue-specific manner. For example, narrower bandwidth pulses could be used to detect the W43Cz long-range 
distances, such as the K31HN (Fig 2.9e).  There are many additional opportunities for more selectivity and given the 
long T2 values observed, detection of at least 10 Å distances may be feasible.   
2.6. Conclusions 
The 1H-detected FSR pulse sequence introduced here is a broadly applicable technique for measuring long-
range distances in SSNMR and leverages the high sensitivity of 1H detection in combination with fast MAS. The 
REDOR difference spectra are collected as 2D 15N-1H planes, so majority of the residues in the protein can be site-
specifically resolved. Involving 1H as one of the nuclei in the dipolar coupled spin pair also enhances the distance 
measurement range. No multiple pulse sequences are required for effective 1H-1H dipolar decoupling, given the fast 
MAS rates and deuteration.  Another advantage of deuteration is enhancement of echo lifetimes of the detected nucleus 
(1H), thereby increasing potential distance measurement range.  
 This method can be used with backbone 13C dephasing for purposes of spectral filtering, and the methyl- and 
aromatic-selective versions give insights into the secondary and tertiary structure of the protein. Specifically, the 
dephasing by the methyl bearing residues is stronger in general for helical residues, particularly Ala, and Thr or Val 
residues helical/loop regions can also yield strong REDOR effects (DS/S0 > 0.6) at 600 µs dephasing time. The 
aromatic-specific version gives some initial insights into tertiary structure, since aromatic rings can be significantly 
closer to neighboring or long-range amides than intraresidue amides (e.g., Y33, Y45). This information can also 
restrain the side chain orientation of the aromatic ring with respect to its own backbone amide proton, based on the 
relative REDOR magnitude.  
 We envision that this approach can be extended to incorporate 31P or 19F dephasing in the case of 
phospholipids or fluorinated drugs bound to proteins. Notably, the detection range for 1H{19F} REDOR effects with 
>10 ms 1H T2 values would be well in excess of 15 Å. We also anticipate that the large REDOR effects observed here 
could facilitate 3D TEDOR studies13 on sparsely 13C-isotopically labeled samples15. Sparse labeling in this case would 
be necessary in order to minimize signal loss due to recoupling of 13C-13C interactions from directly attached pairs. 
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Using these approaches, 1H-detected FSR has excellent potential for improving biomolecular SSNMR-based structure 
determination with enhanced sensitivity, resolution and distance measurement range. 
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3.2. Abstract  
Protein structure determination by solid-state NMR requires measurement of quantitative distance restraints. 
This is achieved by a highly successful technique known as rotational echo double resonance (REDOR), which 
measures the precise distance between two heteronuclear spins. Previously, we have introduced a pulse sequence that 
combines frequency-selective REDOR (FSR) with 1H-detection and demonstrated its application to uniformly 13C, 
2H, 15N-labeled (U-CDN) GB1 protein, back exchanged to 30% H2O. 1H-detection enhances the sensitivity, resolution 
and distance measurement range by utilization of deuteration of proteins and fast magic-angle spinning (>30 kHz). In 
this study, we demonstrate an improved 1H-detected FSR sequence that provides highly specific and selective FSR 
curves. This then allows us to measure quantitative 1H-13C FSR distances in U-CDN GB1 protein, back exchanged to 
30% H2O, by placing the frequency-selective pulse at unique 13C resonances to highlight specific spectral features. 
We obtain distances not only between backbone 13C and amide 1H, but also from sidechain 13C to backbone amide 1H. 
This unique feature makes 1H-detected FSR a powerful approach to restrain sidechain orientations, even in a 
perdeuterated and uniformly isotopically labeled protein. We have further written a program to differentiate between 
different polymorphs of a crystalline protein with the side-chain orientation information. With only 1H-detected FSR 
distances, or in conjugation with other semi-quantitative or un-ambiguous distances, we can obtain a de-novo three-
dimensional structure of a protein. This technique can also be extended to 31P- or 19F dephasing to investigate 
phospholipids and drugs bound to proteins.  
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3.3. Introduction 
Atomic-resolution structure determination and refinement of macroscopically disordered proteins and their 
complexes have become vital in the last few decades due to the role of insoluble amyloid fibrils in neurodegenerative 
diseases and significance of membrane proteins as drug targets1-13. Magic-angle spinning (MAS) solid-state NMR 
(SSNMR) has become an imperative technique for solving protein and their complexes’ structures and refining the 
initial protein fold1,6–11. Three-dimensional (3D) protein structure calculation is driven by a large number of semi-
quantitative distance restraints14. Homonuclear 13C-13C or 15N -15N distance restraints are obtained in uniformly 
labeled, selective or sparsely labeled, and/or diluted isotopically labeled samples with 1st or 2nd order recoupling 
schemes like radio-frequency-driven recoupling (RFDR)7,9,15–18, dipolar-assisted rotational resonance (DARR)9,11,19,20, 
and 3rd spin assisted recoupling scheme like proton assisted recoupling (PAR)7,9,11,21. The distance restraints are 
obtained from cross-peak intensity analysis and are not quantitative in these cases, since the magnetization transfer 
depends on several factors other than the dipolar coupling between the two spins. They can be binned in distance 
classes and can have upper bounds that can be used semi-quantitatively for structure calculations. 
Presence of highly quantitative distance restraints largely streamlines the structure determination and 
refinement process. Heteronuclear distances can be precisely determined using well-known SSNMR methods called 
rotational echo double resonance (REDOR)22–27 and its analogous method TEDOR28,29 (transferred echo double 
resonance). Most of the structural determination studies with SSNMR utilize a few highly quantitative 13C-15N distance 
restraints obtained with TEDOR or REDOR along with the semi-quantitative distance restraints7,9,10,11,30–38. There have 
been only a handful of studies in the last decade that have used mainly precise and quantitative distances for structure 
determination. Jaroniec et al. obtained 3-6 Å 13C-15N distances with 3D ZF (z-filtered)-TEDOR on a 11-residue 
fragment of human transthyretin (TTR)39,40. The peptide was uniformly isotopically 13C, 15N labeled for only 4 residues 
at a stretch. Nieuwkoop et. al performed 13C-15N TEDOR experiments on glycerol labeled 56-residue GB1 protein to 
obtain quantitative intramolecular, as well as inter-molecular distances for atomic resolution supramolecular structure 
determination41,42. Debelouchina et al. established parallel, in register b-sheets as structural features in b2-
microglobulin amyloid fibrils with ZF-TEDOR experiments on mixed labeled samples43. 13C-19F REDOR quantitative 
distances have been utilized to identify protein-drug binding site structure44.  
13C-15N distances with REDOR and TEDOR methods are mainly measured in sparsely or mixed labeled 
samples and have smaller distance detection range and lower sensitivity due to low-g nuclei detection.  The measurable 
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distance between two spins depends on their gyromagnetic ratios (g). Higher the g, longer is the measurable distance. 
Since 1H has the highest g among stable isotopes, having 1H as one of the REDOR spins will give us the advantage of 
measuring some of the longest distance ranges in biomolecules and their complexes. Theoretically, this would be 
possible for 1H-19F spin pair45, followed by 1H-31P and 1H-13C spin pairs. Having 1H as the detected nucleus has the 
added bonus of increased sensitivity and reduced experimental time, thereby aiding in biomolecular structure 
determination46–50. Two main factors have contributed to the possibility of routine use of 1H detection over the past 
couple of decades. They are — (a) complete or partial deuteration of proteins51,52, and (b) (ultra)fast magic-angle 
spinning (MAS) from 30 to >110 kHz52. Combination of the two factors has resulted in enhanced resolution in 1H-
detected spectrum53. Partially deuterated samples (30% back exchanged to 1H), when spun up to 30 kHz easily provide 
~0.1 ppm amide lH linewidth in proteins54. High level of deuteration in the proteins also result in long 1H transverse 
relaxation times (T2), another essential factor for longer distance measurements46,54. Currently, a major obstacle in 
utilizing perdeuterated protein samples with controlled back-exchanged amide 1H for structure determination is lack 
of information about side-chain orientations. Residual protonation55–57, specific labeling of methyl groups of Ile, Leu 
and Val58–61 and incorporation of fully protonated amino acids in deuterated proteins62 are some of the practical 
approaches to overcome this problem. However, they require preparation of specific type of labeled samples, which 
are oftentimes expensive and time consuming. 
 Herein, we present a novel approach to determine side chain orientations in uniformly 13C,15N,2H -labeled 
(U-CDN) protein, back-exchanged to low protonation levels, by measuring precise and quantitative 1H-13C REDOR 
distances. The 13C nuclei can be a backbone, aliphatic or aromatic sidechain atom and can be selected using a 
frequency-selective pulse on the U-CDN labeled sample. Our previous manuscript introduced the 1H-detected 
frequency selective REDOR (FSR) pulse sequence and has shown its potential in spectral filtering of backbone 13C 
atoms, and secondary and tertiary structure knowledge54. This technique requires deuteration and partial back-
exchange of a protein, and fast magic angle spinning (> 30 kHz). We recognized that the FSR dephasing was not 
quantitative enough due to non-specific dephasing and hence modified the pulse sequence in this study. The newly 
improved pulse sequence can thereby generate quantitative 1H-13C distances upto 6 Å and provide insights into tertiary 




3.4. Materials and Methods 
3.4.1.  Protein Production 
U-CDN GB1 protein was expressed in E. coli cells and purified according to ref (63). The purified protein 
was dialyzed into 30:70 H2O: D2O buffer and concentrated to ~25 mg/mL. It was then precipitated with 2-methyl-2,4-
pentanediol (MPD) and isopropanol (IPA) solution64. Microcrystals were ultrcentrifuged and around 4 mg was packed 
in a 1.6 mm FastMAS rotor (Revolution NMR, LLC, Fort Collins, CO). 
3.4.2.  SSNMR Spectroscopy 
Experiments on U-CDN GB1 (30% back-exchanged) were carried out at 11.7 T (500 MHz 1H frequency) on 
a Varian (Walnut Creek, CA and Loveland, CO) VNMRS spectrometer with a 1.6 mm HCDN FastMAS probe. The 
spinning was controlled at 33333 ± 10 Hz by a Varian MAS controller. The variable temperature gas was maintained 
at 0 °C resulting in an approximate sample temperature of 15-20 °C. 13C chemical shifts were referenced externally 
with respect to the methylene signal of adamantane at 40.48 ppm65. 
.1H site-specific T2S’ measurements on U-CDN GB1. The 1H T2S’ were measured site-specifically by collecting the 15N-
1H 2D spectrum at 12 different echo times from 0.12 ms to 2.76 ms. p-pulse trains on 13C channel and a 1H refocusing 
p-pulse were used before detection to measure T2S’.  The p/2 pulse widths were 1.7 µs for 1H, 3.6 µs for 15N and 1.4 
µs for 13C. The contact time for 1H to 15N cross-polarization (CP)66 transfer and 15N to 1H CP transfer was 850 µs.  
The 15N dimension was digitized to 23 ms and the 1H acquisition time was 30 ms. ~10 kHz of TPPM67,68 decoupling 
was applied on 1H during 15N evolution. 
1H-detected FSR on U-CDN GB1. The p/2 pulse widths were 1.7 µs for 1H, 3.6 µs for 15N and 1.4 µs for 13C. The 
contact time for 1H-to-15N CP transfer was 800 µs and 15N-to-1H CP transfer was 300 µs. The indirect dimension was 
digitized to 23 ms and the 1H acquisition was set to 20 ms. ~10 kHz of TPPM decoupling power was applied on 1H 
during indirect evolution of 15N. The S’ (reference) experiment25,27 was performed with a refocusing hard p- pulse on 
1H and REDOR p- pulse trains on the 13C channel. The S experiment was performed with a simultaneous refocusing 
hard p- pulse on 1H and selective refocusing pulse on the 13C channel. This Gaussian selective pulse was modulated 
in its length and power depending on the 13C channel transmitter frequency offset. The 13C transmitter frequency was 
set at 160 ppm, 138 ppm, 130 ppm, 118 ppm, 70 ppm, 35 ppm and 20 ppm. The 13C selective pulse was 3.6 ms long 
for the 138 ppm, 118 ppm, 70 ppm and 35 ppm regions, 2.4 ms long for 160 ppm region, and 1.2 ms long for 130 ppm 
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and 20 ppm regions. S’ and S 15N-1H 2D spectra were collected at each region with REDOR dephasing times ranging 
from 240 µs to 2.8 ms. 
Experimental refocusing profiles of selective pulses. The 1D selective spin-echo pulse sequence was used for 
measuring the refocusing profiles of selective pulses. It contains a 1H to 13C CP step followed by the selective p-pulse 
and acquisition period on 13C with TPPM decoupling on 1H. Four different waveforms for the selective pulse were 
tested — Gaussian27,69–72, sinc73, r-SNOB69,74,75 and av76. The 13C transmitter frequency was adjusted so that the 
selective pulses could be set at Ca region (54 ppm) and C’ region (175 ppm).  The duration of each selective pulse 
was optimized to obtain the same bandwidth of ~10 ppm. 
3.4.3. Data Processing 
All the 2D 15N-1H spectra were processed with NMRPipe77. Back linear prediction and polynomial baseline 
correction were applied to the direct dimension. Lorentzian-to-Gaussian apodization, phase shifted sine bells and zero 
filling were applied to both dimensions before Fourier transform. The 1D 13C spectra with selective pulses were 
processed in VNMRJ (version 3.2) software with backward linear prediction before Fourier transform.  
Microsoft Excel for Mac 2011 (version 14.7.1) software was used to plot and fit the 1H T2S’ data, assuming a 
single exponential decay. The S’ and S FSR data were plotted in Excel to obtain the major DS/S’ effects and input 
files for FSR data fitting were prepared. The error analysis for FSR data was performed by collecting noise points 
from S’ and S spectra and propagating the standard deviation of S’ and S noise to obtain the error in S/S’ data. 
3.4.4. Data Fitting 
A customized MATLAB (MATLAB and Statistics Toolbox Release 2015a, The MathWorks Inc., Natick, 
Massachusetts, United States) script, ‘REDORfit’ was used to perform the fitting of the FSR data.  
3.4.5. Spin Dynamics Simulations 
The simulations of S’ and S data to observe the effect of selective pulse bandwidth on the FSR data was 
performed using SIMPSON78 software. The parameters used for simulations were based on the experimental 
parameters for the FSR experiment. A Gaussian selective pulse of appropriate power and duration was used in the 
simulation script. 
The simulation of 1H-detected FSR effects for a given set of experimental conditions and 1H-13C spin pairs 
was performed using MATLAB. The input file required for the MATLAB calculation was prepared using Python. 
 42 
3.5. Results and Discussion 
The goals of this study are to obtain — (a) better selectivity and specificity in FSR data in a uniformly 
isotopically labeled protein sample by performing modifications in the FSR pulse sequence, (b) quantitation of 1H-
13C distances by fitting FSR curves using an in-house written MATLAB script, (c) factors that can modulate the fitting 
of FSR curves to determine distances, and (d) structure of a U-CDN labeled protein with 1H-13C distance restraints. 
In the case of 1H-13C FSR, we have shown the usefulness of S’ as reference spectrum on uniformly 13C-labeled 
samples. The waveform and the bandwidth of the 13C selective pulse have been studied in detail to understand their 
effects on the FSR effects and curves. The 13C refocusing pulse can be tuned to achieve a narrow bandwidth and can 
be placed to excite a specific 13C chemical shift region. All these features are discussed in more details in the following 
subsections. 
3.5.1.  Improved Specificity and Selectivity of 1H detected FSR pulse sequence 
We applied our 13C- dephased, 1H-detected FSR pulse sequence on U-CDN labeled GB1, back exchanged 
with 30% 1H. The pulse sequence (Fig. 3.1) can be divided into three stages— the initial stage consists of indirect 
evolution on 15N, the middle stage consists of the FSR period and the final stage consists of the 1H detection period. 
All these stages have been described in detail in our previous manuscript54. There are two major distinctions in the 
current study however, which answer the limitations of the previous work. The first difference includes utilization of 
S’ as the reference spectrum instead of S0. 
The S0 experiment is performed with no 
REDOR p-pulse trains and no refocusing 
selective pulse on the dephasing channel 
(13C) (Fig. 3.1a). The S’ experiment is 
performed with REDOR p-pulse trains but 
no refocusing pulse on 13C channel (Fig. 
3.1b). The S’ reference spectrum maintains 
a gap equal to the selective pulse width 
between the two REDOR trains, whereas 
the S0 reference spectrum has a gap of 2 
times the rotor period. For both S0 and S’ 
Fig. 3.1:  Pulse sequence for 1HN-detected frequency-selective REDOR 
spectroscopy. The 1H magnetization is transferred to 15N, indirectly evolved 
and then transferred back to 1H. For S0 reference spectrum (a), there is a hard-
refocusing pulse on 1H channel and no p-pulses on 13C. For S’ reference 
spectrum (b), there are two REDOR p-pulse trains on the 13C channel. For the 
S spectrum (c), there is a selective pulse on 13C channel between the two 
REDOR trains. The phase cycles are as follows: f1 = x,x,-x,-x; f2 = x,x,x,x,-
x,-x,-x,-x; f3 = y,-y; f4 = y,y,-x,-x; f5 = y,y,x,x,x,x,y,y,-x,-x,y,y,y,y,-x,-x,-y,-
y,-x,-x,-x,-x,-y,-y,x,x,y,y,y,y,x,x; f6 = x,y,x,y,-x,-y,-x,-y; f7 =  x,-x,-y,y,x,-x,-
y,y,-x,x,y,-y,-x,x,y,-y  
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experiments, the average inter nuclear dipolar coupling under MAS over each rotor cycle is zero. For the S experiment 
(Fig. 3.1c), the refocusing pulse in the middle of the 13C channel flips the sign of the dipolar coupling at each half 
rotor cycle, and hence the average dipolar coupling over each rotor cycle becomes positive. Utilizing S’ over S0 as the 
reference spectrum is advantageous, because it takes into account the magnetization loss during the selective pulse 
period due to 1H nucleus relaxation, during the REDOR p-pulse trains due to the finite pulse width effect79 , and during 
the decay of all coherences in the REDOR period. Hence the non-specific dephasing is taken care of with S’ as the 
reference spectrum, as shown in Fig. 3.2. The S0-S difference spectrum (left panel) for 1.56 ms dephasing in the Cb 
region shows FSR effects for almost all the residues. In comparison, the right panel demonstrates the S’-S difference 
spectrum at the same dephasing time and region, and shows only specific dephasing for a few residues, mainly Thr 
and their sequential neighbors.  
The second difference is the extremely selective nature of the 13C refocusing pulse such that the FSR 
recoupling conditions become very narrow. The 1H atoms thereby get dephased by a few selective 13C atoms and 
hence quantitative, instead of qualitative, 1H-13C distances can be measured. We chose to apply a weak, long gaussian 
pulse to achieve this selectivity and fine-tuned it further by varying the pulsewidth.  The recoupling bandwidth 
Fig. 3.2: 1H-FSR difference spectrum illustrating the difference between S' and S0 reference spectrum. Left panel 
shows the S0-S spectrum and the right panel shows the S'-S spectrum at 1.56 ms dephasing when the 13C selective 
pulse is centered at 70 ppm (Thr Cb region). All the residues showing dephasing are labeled 
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obtained for 1-4 ms long Gaussian pulses is in the ± 750 - ± 250 Hz range. The selective pulse on the 13C channel was 
placed at seven different regions within the possible 13C resonance range for a typical protein (0-200 ppm).  The 
importance of each region will be described in more details below.  
3.5.2. GB1 Site-Specific T2S’ Indicates Maximum Dephasing Time for 1H-FSR Experiments 
 Another vital factor for performing FSR experiments 
is the echo lifetime of the observed spin (1H in this case). As 
demonstrated previously, spinning at a high speed of 33.333 
kHz and high levels of deuteration aids in enhancing the spin-
spin relaxation time of 1H nucleus. For U-CDN GB1 which 
was back-exchanged to 30% H2O, we previously observed 
1HN T2 values ranging from 3-83 ms. In this study, for 
estimating the maximum limit on the FSR dephasing time, we 
measured the homogenous spin relaxation time, T2S’, site 
specifically in U-CDN labeled GB1 (Fig. 3.3). The T2S’ varies between 2 to 6 ms for 43 backbone amide 1H. Taking 
into account the application of a selective pulse of 1-4 ms length, we chose our maximum dephasing time to be ~2.5 
-3 ms.  
3.5.3. 1H {13C} FSR effects in selective regions of GB1 
To perform the 1H-detected FSR experiment and obtain quantitative distances, we selected particular 13C 
atoms whose resonances don’t overlap with others. This was established by observing the histograms of deposited 13C 
chemical shifts in BMRB80. Due to the attachment of the hydroxyl group, the Tyr Cz atoms have the most downfield 
chemical shift of 160 ppm with respect to the rest of the aromatic atoms. The Ce atoms of the Tyr residues are at 118 
ppm, whereas the Cg and Cd atoms are around 130 ppm. For Phe residues, all the aromatic ring atoms except Cg are 
at 130 ppm. The Cg atoms of the Phe residues are downfield shifted to 138 ppm. The third aromatic residue, Trp has 
most of the aromatic atoms around 130 ppm, with the exception of the 13C atoms near the nitrogen in the indole ring. 
Overall, the aromatic ring atoms can be grouped into the following resonance regions: 160 ppm, 138 ppm, 130 ppm 
and 118 ppm. Apart from the aromatic residues, 13C atoms in the aliphatic residues can also be probed to obtain 
quantitative distances. For example, the Thr and Ser residues have Cb at a unique downfield shift of ~70 ppm. A few 
other residues, like Asn, Asp, Phe and Ile have Cb resonances around ~35 ppm. The methyl groups of Ala, Val and 
Fig. 3.3: Site-specific T2S’ measurements of backbone 
amide 1H in uniformly 2H, 13C,15N –labeled GB1 protein, 
back-exchanged to 30% amide 1H. The overlapped and 
non-observable residues in a 15N-1H 2D spectrum are not 
shown.  The T2’ values vary between 2 and 6 ms 
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Thr residues have resonances around 20 ppm. Another region of interest will be ~12 ppm where the Ile Cd atom is 
present.    
Fig. 3.4 illustrates the S’-S difference spectra at different dephasing times for two regions: (a-c) 160 ppm, 
and (d-f) 118 ppm. In the 160 ppm region, there are only Tyr Cz atoms. GB1 has 3 Tyr residues (Y3, Y33 and Y45), 
and hence 3 Cz atoms around ~160 ppm. Only a few select backbone amide and sidechain amino 1HN are close to 
these Cz atoms. The closest 1H atoms are from N37 sidechain amino group to Y33 Cz (~3.8 Å). In the 118 ppm region, 
there are Tyr Ce atoms and Trp Ce3 atom. Since they are in the aromatic ring, they show interactions with non-
sequential backbone amide or sidechain amino 1H (for e.g. Y33 Ce atoms are close to N37 Hd1/2, Y45 Ce atoms show 
Fig. 3.4: 13C-dephased 15N-1H 2D S’-S FSR difference spectra on uniformly 2H,13C,15N-labeled GB1 protein, back-exchanged 
to 30% 1H. (a-c) Spectra with 13C Gaussian selective pulse centered at 160 ppm (Tyr Cz region) at 0.6 ms, 1.56 ms and 2.4 ms 
dephasing time respectively. (d-f) Spectra with 13C Gaussian selective pulse centered at 118 ppm (Tyr Cz and Trp Ce3 region) 
at 0.48 ms, 1.44 ms and 2.4 ms dephasing time respectively. The residues appearing at that dephasing time are labeled in each 
spectrum, alongwith the distance to the closest 13C of that type in parenthesis 
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dephasing of D46 HN, F52 HN, T51 HN etc.). At short dephasing times, only Y3 backbone amide 1H shows dephasing 
among all the Tyr residues. This indicates that the Y3 ring is closer to its own amide 1H, whereas the other Tyr rings 
are trans- in nature with respect to its own backbone.  
Fig. 3.5 demonstrates FSR effects for backbone amide 1H and sidechain amino 1H in U-CDN GB1 protein, 
back-exchanged to 30% 1H. When the selective pulse is at ~160 ppm, it selectively dephases the amide 1H close to the 
Tyr Cz atoms (Fig. 5a). At 1.56 ms dephasing time, only 4 backbone amide 1H and two sidechain amino 1H show FSR 
effects > 0.1. Fig. 5b shows FSR effects when the selective pulse is at ~118 ppm. At 1.44 ms dephasing time, 4 
backbone amide 1H and 2 sidechain amino 1H show FSR effects > 0.2. Finally, Fig. 3.5c illustrates FSR effects for 1H 
at 1.56 ms dephasing when the selective pulse is at ~70 ppm (Thr Cb atoms). Apart from the Thr and their neighboring 
residues’ amide 1H, some long- range correlations with FSR effects > 0.1 can also be observed, for e.g., Y3 1H, I6 1H, 
Fig. 3.5:  REDOR effects for backbone amide (left) and side chain (right) amino 1H in uniformly 2H,13C,15N-labeled GB1 protein, 
back-exchanged to 30% 1H. (a) 160 ppm dephasing at 1.56 ms, (b) 118 ppm dephasing at 1.44 ms, and (c) 70 ppm dephasing at 
1.56 ms. Filled triangles indicate overlapped signals in the 2D. Few of the maximum dephasing residues have been labeled. The 
dotted line at 0 is to guide the eye 
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E42 1H, etc. Since the Thr Cb atoms are close to the backbone and not the sidechain amino 1H, they show no FSR 
effects at that dephasing time.  
Fig. 3.6 shows the FSR effects when the selective pulse is set at some other aromatic regions like 138 ppm 
and 130 ppm, and aliphatic regions like 35 ppm and 20 ppm. As expected, when we place the selective pulse at 138 
ppm (Fig. 3.6a), it only excites a few atoms (Cg of Phe and Ce3 of Trp). At 1.56 ms dephasing, both the Phe backbone 
amide 1H show FSR effects > 0.4, and the Trp indole 1H show FSR affect ~1. A few sequential and long-range 
correlations, like K31, D36, N37, G38, T44 are seen to have FSR effects ~0.1. When the selective pulse is placed at 
Fig. 3.6: FSR effects for backbone amide (left) and side chain (right) amino 1H in uniformly 2H,13C,15N-labeled GB1 
protein, back-exchanged to 30% 1H. (a) 138 ppm dephasing at 1.44 ms, (b) 130 ppm dephasing at 1.56 ms, (c) 35 ppm 
dephasing at 1.56 ms, and (d) 20 ppm dephasing at 0.6 ms. Filled triangles indicate overlapped signals in the 2D. Few 
of the maximum dephasing residues have been labeled. The dotted line at 0 is to guide the eye 
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130 ppm, 35 ppm and 20 ppm (Fig. 3.6b-d) respectively, there are at least more than 10 13C atoms that get excited. 
Hence, we see FSR effects in most of the residues’ backbone amide 1H at middle range dephasing times.  
3.5.4. FSR Curves can be Fit to Obtain 1H-13C Quantitative Distances with High Certainty  
We next fit the FSR curves of individual backbone amide 1H and side chain amino 1H in GB1 residues. We 
collected FSR data for dephasing times ranging from 0.24 ms to 2.8 ms when the 13C selective pulse is placed at 
different regions. The frequency selective nature of the pulse sequence made sure that most of the 1H-13C distances 
had a single 13C dephasing spin near an observed 1H spin. Using a customized Matlab script ‘REDORFit’, we can fit 
most of these curves analytically to the Bessel function of the first kind to get the 1H-13C FSR dipolar couplings and 
distances. As shown in Fig. 3.7a, the sidechain amino 1H from N37 (Hd2) is at a distance of 3.8 Å from a certain Tyr 
Cz atom in GB1. The K50 backbone amide 1H is at a distance of 4.7 Å from a nearby 13C atom with resonance at 118 
ppm (Fig. 3.7b).  The T17 backbone amide 1H is at a distance of 3.1 Å from the nearby Thr Cb atoms (its own Cb or 
T16 Cb) (Fig. 3.7c).  The grey dotted lines indicate the uncertainty in the fit distances by ± 0.1 Å. The small red. c2 
values and the presence of most of the data points within 0.1 Å uncertainty testify for the preciseness of the fit 
distances. Fig. 3.8 further illustrates more FSR curves from other 13C-selected regions that can be fit using the 
REDORFit program. In total, we could fit 170 1H-13C distances (with the exception of the overlapped 1H resonances). 
We will show some exceptions and the reason behind them in the sections below. Around 55% of the FSR distances 
(i.e. 95) had accuracy of less than or equal to ± 0.1 Å. The rest of the distances had accuracy from anywhere between 
0.1 Å to 0.9 Å (with the exception of one distance which had an uncertainty of >1 Å).  
 
Fig. 3.7: FSR fits for specific residues. (a) N37 sidechain amino Hd2 being dephased by 13C atoms at 160 ppm, (b) K50 
backbone amide 1H being dephased by 13C atoms at 118 ppm, and (c) T17 backbone amide 1H being dephased by 13C atoms at 
70 ppm. The experimental data points are represented by filled circles and the fit by black dotted lines. The grey dotted lines 
represent the uncertainty in reported distance by ± 0.1 Å. The dipolar coupling (D), 1H-13C distance (r) and reduced c2 are given 
for each fit 
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 3.5.5. Dependence of FSR Curves on Selective Pulse Bandwidth 
Selective pulse bandwidth is a major factor for correct interpretation of FSR curves. As mentioned above, a major 
factor that determines the selectivity of the FSR experiment is the refocusing pulse on the 13C channel. There are both 
advantages and disadvantages behind using a long selective refocusing pulse during FSR. An ideal selective pulse will 
have minimum magnetization loss while maintaining a uniform refocusing profile. However, in reality, a selective 
pulse with longer duration has a more uniform frequency profile. As illustrated in Fig. 3.9, r-SNOB waveform (d) has 
the most uniform profile compared to Gaussian (a), sinc (b) and av (c) waveforms, but the pulsewidth of the r-SNOB 
pulse needed to obtain the same bandwidth as the other waveforms is almost twice (1.52 ms compared to 0.6-0.9 ms 
pulse width for the other waveforms).  Hence, even though the FSR efficiency will benefit from the uniform profile, 
the 1H magnetization loss during the duration of the pulse width will limit the maximum FSR dephasing time. r-SNOB 
selective pulses can be used for cases where 1H has longer homogenous T2, i.e., for proteins with lower amount of 
Fig. 3.8: FSR Fits for specific residues. (a) F52 backbone amide 1H when dephased by 13C atoms at 138 ppm, (b) Y3 backbone 
amide 1H when dephased by 13C atoms at 130 ppm, (c) A24 backbone amide 1H when dephased by 13C atoms at 20 ppm, and 
(d) E15 backbone amide 1H when dephased by 13C atoms at 35 ppm. The experimental data points are represented by filled 
circles and the fit by dotted lines. The grey dotted lines represent the uncertainty in reported distance by ± 0.1 Å. The dipolar 
coupling (D), 1H-13C distance (d) and reduced c2 are given for each fit  
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exchangeable 1H or for 1H-detected FSR 
experiments at ultra-fast spinning rates (~60-
110 kHz). Gaussian and sinc waveforms 
show similar refocusing profiles, although 
the same bandwidth is obtained with 0.6 ms 
for sinc compared to 0.9 ms for Gaussian. For 
the same pulsewidth duration, av waveform 
has narrower refocusing profile than sinc. 
We decided to further probe the effect of 
Gaussian and sinc waveform on FSR 
efficiency.  
FSR efficiency varies with the selective pulse 
bandwidth. We measured the FSR effects 
shown by backbone amide 1H of Thr residues 
in GB1 at a particular dephasing time (1.44 
ms) when the selective pulse is centered 
around 70 ppm (Thr CB region). The reason 
behind selecting the Thr Cb region for this 
particular investigation is manifold. There 
are 10 Thr residues in GB1, 7 of which are 
on b-strands, 2 are in b-turns and 1 is on the helix. Due to the secondary structure variation, the Cb resonances vary 
between 67 ppm and 72 ppm. Hence, this is the perfect scenario to study how the FSR effects will vary when the Cb 
chemical shifts are off-resonance with respect to the selective pulse center. Also, due to the variations in secondary 
structure, the intra-residue 1H-Cb dipolar couplings (or distances) vary from anywhere between 1535 Hz (2.7 Å) to 
922 Hz (3.2 Å). The Thr residues are not always sequential, for e.g. T49, T51, T53 and T55. This results in the 
strongest coupling being the intraresidue 1H-Cb coupling.  
 Both Gaussian and sinc waveforms were investigated for three different pulse durations. The chosen 
pulsewidth gave similar bandwidth excitation for both the waveforms. Fig. 3.10 illustrates the observations for T55 
Fig. 3.9: Experimental refocusing profiles of (a) 900 µs gaussian, (b) 
600 µs sinc, (c) 600 µs av, and (d) 1515 µs r-SNOB pulses. The left 
column indicates the Ca transverse magnetization and right column 
indicates the C’ transverse magnetization inverted by soft pulses on 
uniformly-2H, 13C,15N-labeled GB1, 30% back-exchanged to 1H. The 
abovementioned pulse widths were selected to provide the same 
bandwidth for each waveform. Frequency offset was incremented by 
62.5 Hz at each step. The intensities in each profile are normalized to 
the intensity of 13C spectrum with no soft pulse   
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amide 1H. Fig. 3.10 (a) shows the dependence of FSR effects on the bandwidth of 0.9 ms (filled circles), 1.8 ms (open 
squares) and 3.6 ms (filled diamonds) Gaussian pulse. The bandwidth of a 0.9 ms long Gaussian pulse is ~16 ppm. 
When we changed the selective pulse offset by 4 ppm, the FSR effects only varied by 20%. The bandwidth of a 1.8 
ms long Gaussian pulse is ~6 ppm. The FSR effects vary by 60% for a change in selective pulse offset by 4 ppm. The 
bandwidth of a 3.6 ms long Gaussian pulse is ~2 ppm (Fig. 3.10b). The FSR effects decrease by 80% when we change 
the offset by 2 ppm. The FSR effects for sinc waveform (Fig. 3.10c) varied with the bandwidth in a similar manner as 
the Gaussian waveform, for 0.6 ms (filled circles), 1.32 ms (open squares) and 3.6 ms (filled diamonds) duration. 
Therefore, it is evident that the FSR effects have a significant dependence on the selective pulse bandwidth. The longer 
the selective pulse, the narrower is the bandwidth and hence the FSR effects decrease rapidly if the 13C resonance is 
slightly offset from the center of the selective pulse. We have used Gaussian waveform for recording FSR curves in 
this study, but sinc waveform is another potential waveform to use for other such FSR studies. We next investigated 
Fig. 3.10: Dependence of REDOR Intensity (DS/S’) on the offset of the (a) gaussian, and (b) sinc soft pulses. In (a) 
left panel, filled diamonds, open squares, and filled circles represent REDOR effects variations for 3.6 ms, 1.8 ms 
and 0.9 ms long gaussian soft pulses respectively. The right panel shows the refocusing profile for a 3.6 ms long 
gaussian pulse. In (b) left panel, filled diamonds, open squares, and filled circles represent 3 ms, 1.32 ms and 0.6 ms 
long sinc soft pulses respectively. The right panel shows the refocusing profile for 3 ms long sinc pulse. The REDOR 
Intensities are measured for T55 1H
N
 at 1.44 ms dephasing time    
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the effect of such offsets in a Gaussian pulse on the FSR curves and how that can be taken into account to fit the 
curves. 
FSR curves are sensitive to selective pulse offset. We determined the FSR curves for backbone amide and sidechain 
amino 1H in U-CDN labeled GB1 protein, 30% back-exchanged to 1H2O when a 3.6 ms long Gaussian pulse is centered 
between 65 to 75 ppm. We first simulated the FSR curves when a Gaussian pulse of 3.6 ms duration is initially placed 
on resonance to that particular Cb chemical shift and then shifted by 0.5 ppm consecutively using SIMPSON. Fig. 
3.11(a) shows the simulated FSR curve for a 1H-Cb distance of 2.91 Å when the selective pulse is on resonance with 
the Cb shift. Consecutively, Fig. 3.11(b-d) exhibits the simulated FSR curves when the Cb chemical shift is 0.5, 1 and 
1.5 ppm off-resonance from the selective pulse center. As the Cb chemical shift becomes more off-resonance, the 
maximum FSR effect decreases and the curve oscillates around that. When we fit these curves taking into account the 
resonance offset through the l-factor, the dipolar coupling (1221 Hz) and the distance (2.91Å) agree well with each 
other. The l value decreases in proportion to the bandwidth of the selective pulse. 
Fig. 3.11: SIMPSON simulations of REDOR trajectories for 1H-13C spin pair 2.91 Å apart with a 3.6 ms gaussian soft pulse 
and with 0 ppm (a), 0.5 ppm (b), 1 ppm (c) and 1.5 ppm (d) offset. The dipolar coupling (D), 1H-13C distance (d) and l-values 
are indicated for each trajectory  
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Fig. 3.12 demonstrates how the l-factor can be fit to account for the dependence of FSR curves on the 
selective pulse bandwidth. Fig. 3.12 (a-c) shows the FSR curves for T55 1HN when the gaussian selective pulse is 
centered at 71, 72 and 73 ppm respectively. The T55 Cb chemical shift is at 71.2 ppm (Fig. 3.12g). In Fig. 3.12(a), 
the Cb shift is 0.2 ppm offset from the selective pulse center. The experimental data was fit to obtain a distance of 
2.77 Å and a l-value of 0.88. In Fig. 3.12(b), the chemical shift offset is 0.8 ppm and the fit l value is 0.82, 
demonstrating the fact that l-value is decreasing with the increase of the offset. Fig. 3.12(c) illustrates the FSR curve 
when the Gaussian pulse is centered at 73 ppm, i.e. 1.8 ppm away from the T55 Cb shift. The curve resembles the 
simulated FSR curve with a 1.5 ppm offset (Fig. 3.12(d)), although now the l-factor is larger (0.53 for experimental 
vs. 0.36 for simulated curve). At larger resonance offset, the experimental selective pulse probably suffers from non-
Fig. 3.12: Variation in FSR curves with soft pulse offset. (a-c) Experimental FSR curves for T55 1HN with a 3.6 ms long 
gaussian soft pulse centered at 71 ppm (a), 72 ppm (b) and 73 ppm (c). (d-f) Experimental FSR curves for T53 1HN with a 3.6 
ms long gaussian soft pulse centered at 71 ppm(d), 72 ppm(e) and 73 ppm(f). The dipolar coupling (D), 1H-13C distance (r), l-
values and reduced c2 values are indicated for each curve. The dotted lines represent the uncertainty in distances by ±0.1 Å. 
(g-h) represent the schematic of T55 and T53 residues in GB1 along with the 1HN-13Cb distances and 13Cb chemical shift for 
that residue 
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ideality compared to the simulated Gaussian pulse due to non-linear amplifier or phase errors.  Thus, the experimental 
data show broader dependence on the selective pulse offset than the ideal simulated pulse. The same pattern in FSR 
curves is followed by T53 1HN- Cb distance (Fig 3.12(d-f)). The T53 Cb is at 71 ppm (Fig. 3.12h), and hence the FSR 
curves are shown at 0 ppm, 1 ppm and 2 ppm selective pulse offset. Fig. 3.12(g-h) show a schematic of the T55 and 
T53 residues with the 1HN-Cb distances in GB1 protein (PDB: 2QMT) respectively.   
 We therefore established a relationship between the offset of the selective pulse from a particular 13C 
resonance and the l-factor in the FSR curves. When the selective pulse is long (for eg, a 3.6 ms Gaussian pulse), it 
has a narrow refocusing profile with a small bandwidth. Hence, the FSR curve for a particular 1H-13C pair will depend 
on how off-resonance the 13C chemical shift is from the selective pulse center. For the 3.6 ms long Gaussian pulse, 
the half width of the pulse bandwidth is ~2 ppm. When the 13C chemical shift is on- resonance with the selective pulse 
center, the l-value is ~1. When the 13C chemical shift starts being off-resonance to the selective pulse center, the l-
value decreases till it reaches around 0.2 - 0.3 for the 13C resonance with ~2 ppm offset from the selective pulse center. 
Fig. 3.13 demonstrates the effect of including l-factor variation in the fitting of FSR curves. When the FSR curve for 
Fig. 3.13: FSR curves for T49(a) and T51(b) 1HN with 3.6 ms long gaussian soft pulse centered at 70 ppm. Left panel shows 
the fit (dotted lines) when offset effect is not taken into account and right panels show the fits when the soft pulse offset is 
taken into account through the l-factor. The dotted lines represent the uncertainty in distances by ± 0.1 Å 
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T49 1H is fit with l-value set to 1 (Fig. 3.13a left panel), the fit is not optimal. When we optimize the l-value as well, 
we get a proper fit (Fig. 3.13a, right panel) with a distance of 2.7 Å (2QMT structure has 2.7 Å distance for 1HN-Cb 
pair in T49) and a l-value of 0.81. Similarly, for the T51 1H, the FSR fit with l value set to 1 is not optimal (Fig. 
3.13b, left panel), whereas when l value is optimized to 0.74, the 1H-13C distance is fit to be 3.0 Å. This is close to 
the distance of 2.8 Å in 2QMT structure.  
Extraction of 1H -13C distances after applying l-factor. After establishing that both distance and l- value needs to be 
optimized using the REDORfit program, we re-fit all the experimental 1H-13C FSR curves. The resulting 1H-13C 
distances are compared with the 1H-13C distances from the X-ray GB1 structure (PDB: 2QMT) (Fig. 3.14). The 1H 
atoms are modeled using WHATIF software81 on the 2QMT structure. The overall RMSD for the comparison is 0.32. 
Out of the total 170 FSR distances (excluding the overlapped 1H resonances), only 13 distances are outside the 25% 
variation from the X-ray distances. The outliers are mostly present when the 13C selective pulse is at ~20 ppm or ~35 
ppm. This is plausible since most of the 13C atoms having chemical shifts in those regions are aliphatic side-chain 
Fig. 3.14: Comparison between 1H-13C frequency-selective REDOR distances (y-axis) and 
crystal distances obtained from the 2QMT crystal structure of GB(x-axis). The different regions 
where the 13C selective pulse was placed is color-coded. The solid black line has a slope of 1 
and the dotted block line shows a variation of +/- 25%. Some of the residues that have distances 
different by 25% are noted 
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atoms (Cg or Cd). It has been established before that the side chain orientations can be significantly different for 
different crystal types due to polymorphism41. We believe that 1H-detected FSR will be a highly sensitive SSNMR 
probe to detect these different rotameric states of amino acids in different polymorphs of protein crystals. This 
application will be further discussed in a future section.  
3.5.6. Protein Structure Calculations using 1H-13C FSR Restraints   
 With the FSR 1H-13C distances and dihedral angles as structural restraints, we calculated a de-novo structure 
for GB1 using XPLOR-NIH software package. We started with an extended structure and allowed it to undergo 
simulated annealing with only the dihedral angles as restraints. We obtained a structure, which was still extended, but 
had the correct secondary features due to the dihedral restraints (Fig. 3.15a). We used this as the initial structure and 
then performed structure calculations with FSR distances as restraints under rigid-body minimization protocol in 
XPLOR-NIH. For this step, we used FSR distances having ambiguity between 1- to 15-fold and obtained with the 
selective pulse centered at 160 ppm, 138 ppm, 118 ppm, 70 ppm and 35 ppm. The distances from 130 ppm and 20 
ppm had more ambiguity than 15-fold in some cases, and hence were not included for structure calculations at this 
stage. This step yielded a GB1 structure with the correct fold but still high energy because of the rigid body constraint 
imposed on the structure (Fig. 3.15b). Since we have a folded structure at this point, we reduced the ambiguity in the 
FSR distances by looking at the specific amide 1H in the structure and noting the 13C atoms within a circle of 5 Å 
radius. Hence, for the final step in the structure calculation protocol, we started from the best structure calculated in 
the previous rigid body minimization step, used experimental 1H-13C FSR distances with lesser ambiguity (1-3 fold) 
Fig. 3.15: GB1 structure calculation with 1H-13C FSR distances and dihedral angles as restraints in XPLOR-NIH. (a) 
represents the structure we obtain after the initial calculation from an extended random structure with only dihedral 
angles as restraints, (b) represents the folded structure we obtain from the calculation with ambiguous FSR distance 
restraints under rigid body minimization protocol, (c) represents an ensemble of the ten lowest energy structures from 
different orientations that we obtain from the calculation with less ambiguous distance restraints and no rigid body 
minimization. The figure is colored according to secondary structure: purple, helix; yellow, b-strands; cyan, b-turns; 
and white, coils 
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as experimental restraints, and removed the rigid body constraint. This resulted in the final structure shown in Fig. 
3.15(a) (average of the ten lowest energy structures in blue). The 2QMT crystal structure is shown in red for reference. 
The backbone RMSD between the two structures is 1.9 Å.  An ensemble of the ten lowest energy structures is shown 
in Fig. 3.15(c). The backbone RMSD for the ensemble is 0.8 Å and the all-atom RMSD is 1.4 Å.  
Fig. 3.16: GB1 structures calculated with XPLOR-NIH software and their comparison to GB1 crystal structure (PDB: 2QMT). 
Structure in blue is calculated with (a)1H-1H distance restraints from only RFDR mixing and dihedral angles, (b) 1H-13C 
distance restraints from only 1H-detected FSR and dihedral angles, (c) distance restraints from both RFDR mixing and 1H-
detected FSR and dihedral angles, and is compared to the 2QMT crystal structure in red. The eight lowest energy structure is 
shown in an ensemble as trace representation of backbone (grey) and sidechains (blue) for (d) the calculation with only 1HN-
1HN distance restraints, an (e) the calculation with both 1H-1H and 1H-13C distance restraints. (f) and (g) show a close-up view 
of the aromatic ring orientation of residues Y33 and F52 in the GB1 structure calculated with 1H-1H distance restraints (green), 
with both 1H-1H and 1H-13C distance restraints (blue) and in 2QMT PDB crystal structure (red) 
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 To demonstrate the power of 1H-detected FSR restraints in obtaining correct side-chain orientation, we 
compared the GB1 structure determined with semi-quantitative 1H-1H RFDR distance restraints by Zhou et al46. The 
correlations obtained with RFDR mixing are mainly between two backbone amide 1H and hence are excellent in 
restraining the backbone structural features of GB1. The GB1 structure obtained with 513 RFDR distances and 
dihedral angles as restraints is shown in Fig. 3.16(b). In comparison to the GB1 crystal structure in 2QMT pdb (shown 
in red), the backbone and the sidechain RMSD of the average structure (shown in blue) is 1.6 Å and 2.7 Å, respectively. 
The side chain orientations are not properly restrained in this calculation. We then combined the 1H-13C FSR restraints 
with the RFDR restraints and calculated the final structure again (shown in blue) from an extended random structure 
(Fig. 3.16c). Compared to the 2QMT crystal structure, the backbone and sidechain RMSD of the average structure 
from this calculation is 1.1 Å and 2.1 Å respectively. For the calculation with only 1H-1H distance restraints, the 
ensemble of 10 lowest energy structures produced a structure with a backbone RMSD of 0.5 Å and an all atom RMSD 
of 1.4 Å (Fig. 3.16d). The sidechains have different orientations for the different structures due to no sidechain 
restraints.  For the case of structure calculated with both 1H-1H and 1H-13C restraints, the 10 lowest energy structures 
have a backbone RMSD of 0.75 Å and sidechain RMSD of 1.4 Å (Fig. 3.16e). The sidechain orientations are much 
better restrained after the addition of the FSR restraints. This is further shown in Fig. 3.16(f-g), where the aromatic 
ring orientations of F52 and Y33 in the structure calculated from the RFDR and FSR restraints (shown in blue) match 
the orientation in the 2QMT crystal structure (shown in red) much better than the structure calculated with just the 
RFDR 1H-1H restraints (shown in green). Tables 3.1, 3.2 and 3.3 reports on the average potential energy terms for the 
20 lowest energy structures from the three different calculations mentioned above. Tables 3.4 and 3.5 list all the 1H-
13C FSR distance restraints and dihedral angles used for structure calculations, respectively. 
These results establish that even ambiguous but precise distances determined by 1H-detected FSR experiment 
can be utilized for structure determination of proteins. For larger and more complex proteins, if no other types of 
distance restraints are possible to obtain, distance restraints from 1H-detected FSR will provide the first pass towards 
a folded structure. If semi-quantitative distance restraints from other experiments can be obtained, then they can be 














Total 2129.8 31.6 15 3224 
Bonds 23.4 1.6 0 864 
Angles 72.4 4.9 0 1556 
Dihedral 44.1 3.9 9 109 
Improper 13.9 2.0 0 442 
VDW 39 6.0 1  











Total 1897.02 30.0 7 3614 
Bonds 8.4 1.4 0 864 
Angles 39.7 2.4 0 1556 
Dihedral 39.1 4.8 4 109 
Improper 9.6 1.3 0 442 
VDW 26 4.1 2  
RFDR 10.9 1.3 0 (0.5 Å as threshold) 513 
 
Residue i/Atom Residue j/Atom Distance (Å) Uncertainty (Å) Degeneracy 
20 HN 3Cz 4.99 0.80 1 
22 HN or 37 HN 3Cz or 33Cz 4.96 0.63 2 
26 HN 3Cz 4.76 0.67 1 
37 HD1 33Cz 3.83 0.10 1 
37 HD2 33Cz 3.82 0.10 1 
46 HN 45Cz 4.06 0.34 1 










Total 2694.4 81.6 40 3737 
Bonds 62.8 5.9 0 864 
Angles 139.0 20.7 2.2 1556 
Dihedral 84.9 11.9 11 109 
Improper 40.2 1.3 0 442 
VDW 151.1 26.3 11  
REDOR 188.8 21.7 13 (0.1 Å as threshold) 123 
RFDR 61.9 6.4 0 (0.5 Å as threshold) 513 
Table 3.1: The average values of potential terms for the 20 lowest energy structures for the final calculation with FSR 1H-13C 
distances and dihedral angles as structural restraints. 
Table 3.2: The average values of potential terms for the 20 lowest energy structures for the final calculation with RFDR 
1H-1H distances and dihedral angles as structural restraints. 
Table 3.3: The average values of potential terms for the 20 lowest energy structures for the final calculation with 
combination of RFDR 1H-1H distances and REDOR 1H-13C distances and dihedral angles as structural restraints. 





       Table 3.4 (contd.) 
 
Residue i/Atom Residue j/Atom Distance (Å) Uncertainty (Å) Degeneracy 
50 HN 45Cz 4.34 0.47 1 
51 HN 45Cz 4.37 0.43 1 
3 HN 30CG or 52CG 5.11 0.71 2 
5 HN 30CG or 52CG 5.6 0.81 2 
6 HN 30CG or 43CE2 5.5 0.8 2 
18 HN 30CG 5.22 0.71 1 
29 HN 30CG 5.22 0.76 1 
30 HN 30CG 3.09 0.01 1 
31 HN 30CG 5.6 0.81 1 
41 HN 43CE2 4.18 0.18 1 
43 HN 43CE2 4.72 0.72 1 
43 HE1 43CE2 2.19 0.01 1 
46 HN 52CG 5.27 0.74 1 
52 HN 30CG 3.38 0.03 1 
53 HN 52CG 4.33 0.28 1 
54 HN 43CE2 5.27 0.71 1 
55 HN 43CE2 5.31 0.8 1 
2 HN 3CE1 or 3CE2 5.26 0.26 2 
3 HN 3CE1 or 3CE2 4.2 0.12 2 
19 HN 3CE1 or 3CE2 5.64 0.66 2 
20 HN 3CE1 or 3CE2 3.9 0.06 2 
24 HN 3CE1 or 3CE2 or 
33CE1 or 33CE2 
5.28 0.4 4 
26 HN 3CE1 or 3CE2 4.82 0.15 2 
30 HN 3CE1 or 3 CE2 or 
33CE1 or 33CE2 
5.11 0.31 4 
37 HD1 33CE1 or 33CE2 3.39 0.01 2 
37 HD2 33CE1 or 33CE2 3 0.02 2 
43 HE1 43CE3 4.57 0.16 1 
44 HE1 43CE3 3.79 0.16 1 
46 HN 45CE1 or 45CE2 3.72 0.02 2 
50 HN 45CE1 or 45CE2 4.71 0.11 2 
51 HN 45CE1 or 45CE2 3.79 0.16 2 
52 HN 3CE1 or 3 CE2 or 
45CE1 or 45CE2 
5.05 0.21 4 
53 HN 45CE1 or 45CE2 or 
43CE3 
4.86 0.24 3 
54 HN 43CE3 5.27 0.34 1 
3 HN 17CB or 18CB 4.47 0.31 2 
6 HN 17CB or 53CB or 
55CB 
4.68 0.5 3 
8 HN 11CB or 16CB or 
55CB 
4.86 0.77 3 
8 HD1 55CB 4.46 0.48 1 
10 HN 11CB 5.09 0.84 1 
11 HN 11CB 3.03 0.02 1 
12 HN 11CB 3.51 0.05 1 
15 HN 16CB 4.82 0.95 1 
16 HN 16CB 3.12 0.01 1 
17 HN 17CB 3.11 0.02 1 
18 HN 18CB 3.12 0.01 1 
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     Table 3.4 (contd.) 
 
Residue i/Atom Residue j/Atom Distance (Å) Uncertainty (Å) Degeneracy 
19 HN 18CB 3.1 0.01 1 
20 HN 18CB or 25CB 4.96 1.36 2 
26 HN 25CB 3.24 0.08 1 
30 HN 17CB or 18CB or 
25CB 
4.91 0.98 3 
42 HN 55CB 4.6 0.32 1 
44 HN 44CB 3.32 0.17 1 
45 HN 44CB 3.74 0.8 1 
46 HN 44CB or 51CB 4.18 0.69 2 
49 HN 49CB 2.74 0.02 1 
50 HN 49CB or 51CB 3.59 0.06 2 
51 HN 51CB 3.02 0.02 1 
52 HN 51CB 3.52 0.05 1 
53 HN 53CB 3.09 0.04 1 
54 HN 53CB 3.36 0.03 1 
55 HN 55CB 2.85 0.02 1 
56 HN 55CB 3.66 0.06 1 
3 HN 2CG or 4CB or 8CB 
or 30CB 
3.85 0.08 4 
6 HN 6CB 2.76 0.02 1 
8 HN 8CB 2.84 0.05 1 
9 HN 8CB or 13CB or 
56CG 
4.74 0.61 3 
10 HN 8CB or 13CB or 
56CG 
3.35 0.06 3 
15 HN 15CB or 15CG 3.43 0.04 2 
16 HN 15CB or 15CG 3.5 0.04 2 
19 HN 19CG 4.03 0.05 1 
20 HN 19CG 4.05 0.25 1 
28 HN 27CG 3.98 0.21 1 
30 HN 30CB 2.6 0.07 1 
32 HN 27CG or 30CB or 
32CG or 33CB or 
36CB 
4.15 0.31 5 
40 HN 8CB or 13CB or 
56CG 
4.74 0.61 3 
42 HN 42CG 3.5 0.02 1 
43 HE1 6CB or 8CB or 
42CG or 43CB 
4.85 0.56 4 
44 HN 43CB 3.97 0.38 1 
52 HN 4CB 4.34 0.05 1 
54 HN 4 CB or 6CB or 
43CB 
4.6 0.48 3 
56 HN 56 CG 4.03 0.05 1 
40 HN 39 CG1 or 39 CG2 3.51 0.1 2 
19 HN 18 CG2 3.84 0.1 1 
42 HN  55 CG2 3.5 0.1 1 
56 HN 55 CG2 3.26 0.1 1 
30 HN 29 CG1 or 29 CG2 3.45 0.1 2 
52 HN 51 CG2 3.37 0.1 1 
14 HN 13 CG 4.2 0.13 1 
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    Table 3.4 (contd.) 
 
Residue i/Atom Residue j/Atom Distance (Å) Uncertainty (Å) Degeneracy 
9 HN 13 CG 4.0 0.1 1 
6 HN 7 CD1 or 7 CD2 3.24 0.1 2 
12 HN 11 CG2 3.99 0.1 1 
8 HN 54 CG1 or 54 CG2 3.64 0.1 2 
32 HN 31 CG 3.99 0.1 1 
17 HN 17 CG2 or 16 CG2  3.66 0.13 2 
18 HN 18 CG2 or 17 CG2 3.52 0.1 2 
44 HN 44 CG2 or 53 CG2 3.72 0.1 2 
55 HN 55 CG2 or 54 CG1 
or 54 CG2 
3.24 0.1 3 
43 HN 44 CG2 4.1 0.1 1 
43 HE1 54 CG1 or 54 CG2 3.58 0.1 2 
3 HN 18 CG2 3.9 0.1 1 
45 HN 44 CG2 3.94 0.13 1 
20 HN 20 CB 3.28 0.1 1 
24 HN 24 CB 2.62  0.1 1 
26 HN 26 CB 2.65 0.1 1 
10 HN 10 CG 3.56 0.1 1 
13 HN 13 CG 3.74 0.1 1 
28 HN 28 CD 3.51 0.1 1 
50 HN 50 CG 3.02 0.1 1 
11 HN 11 CG2 3.65 0.1 1 
16 HN 16 CG2 3.17 0.1 1 
49 HN 49 CG2 3.44 0.1 1 
51 HN 51 CG2 3.99 0.1 1 
53 HN 53 CG2 3.7 0.1 1 
29 HN 29 CG1 or 29 CG2 2.95 0.1 2 
39 HN 39 CG1 or 39 CG2 3.11 0.1 2 
54 HN 54 CG1 or 54 CG2 2.95 0.1 2 
 
Residue Angle Value Error 
2 F -109 17 
2 Y 136 13 
3 F -130 14 
3 Y 153 15 
4 F -137 17 
4 Y 136 7 
5 F -115 16 
5 Y 122 16 
6 F -108 6 
6 Y 120 12 
7 F -103 9 
7 Y 119 11 
8 F -100 17 
8 Y 142 26 
11 F -94 17 
11 Y -6 14 




     Table 3.5 (contd.) 
 
Residue Angle Value Error 
12 F -113 25 
12 Y 124 27 
13 F -134 10 
13 Y 156 16 
14 F -153 15 
14 Y 159 23 
15 F -129 12 
15 Y 151 12 
16 F -125 21 
16 Y 153 23 
17 F -134 10 
17 Y 152 20 
18 F -130 25 
18 Y 137 14 
19 F -117 10 
19 Y 122 16 
20 F -124 28 
20 Y 160 16 
23 F -63 10 
23 Y -35 11 
24 F -65 6 
24 Y -38 7 
25 F -66 9 
25 Y -38 8 
26 F -62 5 
26 Y -41 3 
27 F -66 8 
27 Y -37 17 
28 F -65 4 
28 Y -41 5 
29 F -64 4 
29 Y -46 4 
30 F -67 4 
30 Y -35 7 
31 F -66 7 
31 Y -41 10 
32 F -66 7 
32 Y -43 9 
33 F -67 5 
33 Y -37 9 
34 F -66 5 
34 Y -42 4 
35 F -64 7 
35 Y -37 11 
36 F -61 5 
36 Y -31 8 
37 F -102 16 
37 Y 8 16 
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     Table 3.5 (contd.) 
 
Residue Angle Value Error 
38 F 83 11 
38 Y 14 9 
39 F -101 20 
39 Y 125 15 
40 F -98 27 
40 Y 139 28 
42 F -98 22 
42 Y 133 16 
43 F -122 16 
43 Y 160 10 
44 F -133 23 
44 Y 152 17 
45 F -119 28 
45 Y 126 24 
46 F -105 18 
46 Y 140 26 
48 F -66 13 
48 Y -21 15 
49 F -110 9 
49 Y 10 13 
51 F -105 43 
51 Y 134 16 
52 F -121 13 
52 Y 150 16 
53 F -133 11 
53 Y 144 17 
54 F -131 16 
54 Y 139 14 
55 F -110 14 
55 Y 128 12 
 
3.5.7. 1H-13C REDOR Distances as Probe for Amino Acid Rotameric States in Proteins 
 The 1H-13C (specially in aliphatic sidechains) distances are very sensitive to the c1 angle and hence to the 
side-chain orientation or rotameric state of that particular amino acid. Now, protein crystals can have different 
polymorphs, as demonstrated for the case of GB1, where single crystals of different lattice types are formed, like 
orthorhombic82 or trigonal83 or triclinic42. Fig. 3.17 illustrates how we can use 1H-13C distances as probe for different 
rotameric states of Thr residues. Fig. 3.17(a) show the scatter plots of 1H-13CH3 FSR distances in Thr residues against 
the 1H-13C distances in 2QMT crystal structure (left), where the protein is in a trigonal lattice, and against the 1H-13C 
distances in 2GI9 crystal structure (right), where the protein is in an orthorhombic lattice. For the 2QMT structure, a 
few of the 1H-CH3 FSR distances (like T11 and T16 as indicated in Fig. 3.17a) are 25% longer or smaller than the 
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crystal distances. When we perform the same comparison of FSR distances and the crystal distances in 2GI9 structure, 
we see more alignment, especially for T11 and T16 residues. Fig. 3.17(b-c) takes a closer look at the T11 and T16 
sidechain conformations in 2QMT and 2GI9 crystal structures and the final calculated GB1 structure with the 1H-
detected FSR distances. In 2QMT, the T11 c1 is 86°, so it is in gauche (+) conformation, thereby rendering a 1H-CH3 
distance of 2.95 Å. In 2GI9, the T11 c1 is 176° so the side chain is in trans- conformation. Hence, the amide 1H and 
CH3 are farther apart (3.86 Å). The experimentally calculated structure also has amide 1H-CH3 distance of 3.9 Å in 
T11. For T16 residue, the side chain conformation is trans (-171°) in 2QMT whereas in 2GI9, it is in gauche (-) 
conformation (-60°). Hence, 1H-CH3 distance is 4.2 Å in 2QMT compared to 3.5 Å in 2GI9. The experimentally 
calculated structure is 3.2 Å, hence closer to that of 2GI9 structure.  
 
Fig. 3.17. Link between 1H-13CH3 REDOR distances for Thr residues in GB1 and their orientations in different crystal polymorphs. 
(a) Scatter plots for REDOR distances and crystal distances in 2QMT (left) and 2GI9 (right) PDB. The solid line has a slope of 1 
and the dotted line represents variation in distance by ± 25%. (b) T11 and (b) T16 rotameric states and 1H-13CH3 distances are 
illustrated in refined GB1 structure and 2QMT (left), and 2GI9 (right) crystal structure 
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3.5.8. Structure Validation Algorithm for Comparing Experimental Structures to Crystal Polymorphs 
 To utilize this potential application of 1H-detected FSR, we developed a program to simulate 1H-15N 2D S’-
S difference spectra of a protein structure and compare it with the experimental FSR intensities. Based on the 
similarity, the PDB structures of different polymorphs or mutants of the same protein can be scored and the 
experimental structure will have the same lattice as the lowest scoring structure. The workflow of the algorithm is 
depicted in Fig. 3.18. The program takes as input the PDB structure (Fig. 3.18a), 1H, 15N and 13C chemical shifts, FSR 
conditions (observed nucleus type, dephased nucleus type, selective pulse center and bandwidth), 1H relaxation data 
and the maximum distance cutoff between the 1H and 13C atoms (Fig. 3.18b). A point to note here is that the program 
is not specific for only 1H-13C distances but can be used to probe distances between any two types of NMR active 
nuclei. A python script then finds all the spin pairs that contain one backbone amide 1H and one 13C atom determined 
by the specified dephase nucleus type and the selective pulse conditions within the maximum distance cutoff. It then 
Fig. 3.18: Flowchart of validation algorithm. (a-b) The algorithm takes PDB structures, resonance list containing 1H, 15N and 
specific 13C resonances, 1H relaxation data, FSR conditions and distance cutoff as input. The python script finds all the 1H-13C spin 
pairs in the PDB within that distance cutoff and satisfying the REDOR conditions and outputs a file called ‘info.dat’ (c) which 
contains the residues that have the 1H (1st column) and 13C spins (6th and 7th column), 1H(2nd column) and 15N (3rd column) chemical 
shifts, distances (4th column), 1H T2’ (5th column), 13C chemical shift (8th column). This file is used as an input for a MATLAB 
script to simulate a 15N-1H 2D S’-S REDOR spectra (d). Using experimental REDOR intensity as input (e), MATLAB script can 
compare and score the PDB structure for its similarity to experimental data (f) 
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creates a file (Fig. 3.18c) where the first column contains the residue type and number that contains the 1H, the second 
and third columns contain the 1H and 15N chemical shift of that residue respectively.  The 4th column has the distances 
between that 1H and corresponding 13C, the 5th column contains the 1H T2S’ values. The 6th and 7th columns contain 
Fig. 3.19: Simulated 1H-FSR 2D spectra and comparison with experimental data. 15N-1H S’-S 2D simulated spectrum showing 
only Thr 1HN when dephased by 13C atoms at ~20 ppm for 2QMT (a), 2KWD (c) and 2GI9 (e) crystal GB1 structures. Each panel 
indicates a different dephasing time. Comparison of simulated REDOR intensities (S) with experimental REDOR intensities (E) 
and scoring of  the PDBs — (b) 2QMT, (d) 2KWD, (f) 2GI9 accordingly 
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the residue type, number and the atom type for the 13C spin. The final column contains the 13C chemical shift value. 
This file acts as the input for a MATLAB script, which is called from within the Python script. This MATLAB script 
analyses the spin pairs and distances and generate simulated 1H-15N S’-S 2D spectra (Fig. 3.18d) at different dephasing 
times for that particular FSR conditions. We have to specify the spinning speed, the 13C transmitter frequency, the 
Gaussian selective pulse center and duration, the dephasing nucleus within the MATLAB script beforehand. The 
MATLAB script has multiple flags that can be set to ‘on’ or ‘off’ based on user’s preferences. The 1st flag (C-carbon) 
dictates if all the 13C atoms are on resonance with the selective pulse center or the 13C chemical shifts in the input file 
will be used to determine the offsets. The 2nd flag (T2_relax) determines if 1H T2S’ relaxation data is used for 
calculating the simulated spectrum. The 3rd flag (plot_flag), when set to 0, will output the simulated FSR spectrum 
and when set to 1, will provide a comparison between the experimental (Fig. 3.18e) and simulated intensities. The 
final flag (optimization) adds an option of optimizing the 13C chemical shifts if they are unknown for a certain protein. 
The comparison plot (Fig. 3.18f) contains a global RMSD that can be used to score the similarity between the 
experimental structure and candidate PDB structures.  
We have shown here one example of applying this algorithm to different GB1 polymorphs and determine the 
rotameric state of the Thr residues. The FSR experiment where the selective pulse is at ~20 ppm is ideal for this 
experiment. The selective pulse will excite the 13CH3 groups of Thr that will dephase its nearest amide 1H. For most  
of the cases, Thr CH3 are close to their own 1HN. In the left panel of Fig. 3.19, the simulated S’-S difference spectra at 
different dephasing times are shown for only the Thr backbone amide 1H. Fig. 3.19 (a, c and e) show the simulated 
Fig. 3.20: Comparison of experimental REDOR intensities (E) with simulated REDOR intensities (S) for different crystal structures 
of GB1 — (a) 2QMT (trigonal), (b) 2KWD (triclinic), and (c) 2GI9 (orthorhombic). The region investigated here is obtained when 
the selective soft pulse is at ~70 ppm (Thr and Ser CB). The panels show three different dephasing times 
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FSR spectra for the trigonal lattice (PDB: 2QMT), triclinic lattice (PDB: 2KWD) and orthogonal lattice (PDB: 2GI9) 
respectively. The right panels show the comparison between the experimental S’-S intensities (denoted by E) and the 
simulated S’-S intensities (denoted by S) for the three different polymorphs. The program also outputs the RMSD 
value as a scoring metric. The lower the RMSD value, the better is the match between the simulated and experimental 
FSR intensities. Since the RMSD value for the 2GI9 lattice is the lowest, we can assume that the experimental structure 
has an orthorhombic lattice.   
Fig. 3.20 demonstrates the comparison between the simulated and experimental FSR intensities when the 
selective pulse is centered at another region, like at 70 ppm. This excites the Thr Cb atoms. The residues shown in the 
plots have their backbone amide 1H close to Thr Cb atoms. Since Cb atoms are close to the backbone, and the backbone 
orientation is very similar in all the three polymorphs of GB1 protein, the RMSD values for all the three polymorphs 
are very similar. This proves that the program is robust in identifying the differences between experimental and 
simulated FSR intensities based on the different structural regions and thereby producing correct RMSD values. 
3.6. Conclusions 
The modified 1H-detected FSR pulse sequence introduced here is applicable for measuring quantitative 1H-
X distances in biomolecules and their complexes. The nuclei X can be — (a) 13C, which is most commonly present in 
proteins and peptides, (b) 19F, which can be added to the biomolecule externally or present in a small molecule drug, 
and (c) 31P, which are naturally abundant in lipids. This pulse sequence can be used in a uniformly 13C labeled protein, 
since the reference S’ spectrum accounts for the finite pulse width effect and magnetization loss due to T2 relaxation 
of observed nucleus and decay of all coherences during REDOR dephasing period. The ultra-narrow selectivity of the 
refocusing pulse in the sequence means we can assume single dephasing 13C spin near an amide or amino 1H instead 
of multiple spins. 
We have shown here that the pulse sequence can give quantitative and precise 1H-13C distances upto 6 Å in 
U-CDN GB1 protein, back-exchanged to 30% H2O. The advantage of utilizing the frequency selective version of 
REDOR is that we have obtained multiple 1H-13C distances (170) in the whole uniformly 13C-labeled protein. We 
performed seven different versions of 13C dephased, 1H detected FSR experiments, for different selective pulse 
bandwidths, mixing times and position. We placed the selective pulse at 160 ppm (Tyr Cz), 138 ppm (Phe Cg and Trp 
Ce2), 130 ppm (most of the Phe and Trp aromatic ring atoms, Tyr Cg and Cd), 118 ppm (Tyr Ce and Trp Ce3), 70 
ppm (Thr and Ser Cb), 35 ppm (Cb) and 20 ppm (methyl). For each region, we obtained site-specific FSR curves for 
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backbone amide and sidechain amino 1H. We fit the curves analytically to Bessel function of the first kind using an 
in-house built MATLAB script and obtained 1H-13C dipolar couplings and distances within mostly 0.1 Å uncertainty.  
We further showed that the FSR curves depend on the selective pulse bandwidth. This can be taken into 
account with the l-factor during the fitting. These precise but ambiguous distances can be used by themselves to 
obtain 3D structures of proteins. For a long time, the goal in SSNMR community has been to determine the atomic 
level structure of a fair-sized deuterated protein from one uniformly isotopically labeled protein by obtaining 
quantitative distances from both backbone and sidechains to the amide 1H. This study achieves a de-novo structure of 
a 56 amino acid residue protein using one experiment on one uniformly labeled sample. We also developed a program 
that utilizes the accurate sidechain orientation determination by 1H-detected FSR to compare between polymorphs or 
mutants of the same protein. Hence, 1H-detected FSR has excellent potential in biomolecular solid-state NMR for 
structure determination and refinement. 
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4.2. Abstract 
Biomolecular structure determination by solid-state NMR (SSNMR) is made feasible by the measurement of 
homonuclear and heteronuclear distance restraints. Quantitative, precise and un-ambiguous heteronuclear distances 
can be determined through transferred echo double resonance (TEDOR) method. 1H-detection has proved to be very 
powerful for improving sensitivity and resolution by utilizing deuteration of proteins and (ultra)fast magic-angle 
spinning. Hence, involving 1H as one of the spins for measurement of distance using TEDOR has a unique potential 
of enhancing the distance detection range.  Also, in SSNMR, it can be tricky to measure quantitative long-range 
heteronuclear distances in uniformly isotopically labeled samples due to the presence of strong homonuclear dipolar 
and scaler couplings. In this chapter we will introduce a three-dimensional 1H-detected frequency-selective TEDOR 
pulse sequence that encompasses the power of 1H detection and TEDOR and can be applied to deuterated and 
uniformly 13C,15N -labeled biomolecules to obtain secondary and tertiary structural features and side-chain 
orientations. We employed this method on a 1,3-gly labeled and uniformly 13C, 15N, 2H (U-CDN)- labeled GB1 
protein, back-exchanged to 10% and 30% H2O, respectively, and U-CDN labeled a-synuclein fibrils, back-exchanged 
to 10% H2O to obtain unique structural features. Furthermore, we have performed a theoretical analysis of 1H-detected 
TEDOR RN pulse sequence to address the issue of homonuclear dipolar recoupling during heteronuclear recoupling. 
4.3. Introduction 
  Solid-state NMR (SSNMR) is a powerful technique to elucidate the atomistic level structure and mechanism 
of biomolecules1–7. SSNMR has no inherent restriction on the size of the molecule to be analyzed and can be utilized 
for insoluble systems like membrane proteins and amyloid fibrils. In the past few years, SSNMR has successfully 
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solved the atomic resolution structures of amyloid fibrils related to neurodegenerative disorders like Parkinson’s 
Disease and Alzheimer’s Disease and has been extensively developed to probe protein-membrane interactions1–8. 
SSNMR utilizes Magic-Angle Spinning (MAS) to average out the strong homonuclear and heteronuclear dipolar 
couplings, which in turn results in better resolution. However, averaging of dipolar coupling also results in loss of 
structural information. Hence, some tricks in the form of multiple pulse sequences have been developed to re-introduce 
desirable heteronuclear or homonuclear dipolar couplings while still averaging out the rest of the couplings9. The 13C-
13C/ 15N-15N/1H-1H homonuclear couplings can be semi-quantitatively determined with 1st and 2nd order recoupling 
schemes like radio frequency drive recoupling (RFDR)3,5,10–13, dipolar assisted rotational recoupling (DARR)5,7,14,15 
and 3rd spin assisted recoupling scheme like proton assisted recoupling (PAR)3,5,7,16 to obtain ambiguous distance 
restraints for three-dimensional (3D) structure calculations. They are ambiguous and not precise since the 
magnetization transfer depends on several factors other than the dipolar coupling between the two spins. Hence, a 
large number of semi-quantitative distance restraints are required to resolve a protein structure de-novo. 
 On the other hand, highly quantitative distances streamline the process of structure determination and 
refinement. Well-known SSNMR techniques like rotational echo double resonance (REDOR)17–22 and transferred echo 
double resonance (TEDOR)23,24 have been developed to determine precise, unambiguous and quantitative 
heteronuclear distance restraints. The distances are obtained by measuring dipolar dephasing (for REDOR) or buildup 
curves (for TEDOR) under the influence of multiple p-pulses in the pulse sequence which recouples the dipolar 
coupling22,25. An advantage of TEDOR over REDOR is that both the spins in the pair can be frequency labeled for 
TEDOR, enabling reporting of unambiguous distances. A few versions of TEDOR, like z-filtered (ZF) TEDOR24,26,27, 
band selective decoupling (BASE) TEDOR24 and semiconstant time TEDOR28 version have been developed for 
application to peptides or proteins with large clusters of 13C spin. Glycerol labeled samples have also been utilized for 
TEDOR to address the issue of scaler 13C-13C couplings29,30. Previously, most of the structure determination studies 
have utilized a few highly quantitative distance restraints along with a large number of semi-quantitative distance 
restraints3,5-7,31–39. Only a few studies have utilized mainly precise and quantitative distances for structure 
determination and refinement26,27,29,30,40,41.  
 Till now, 13C-15N distances with TEDOR and REDOR have been mainly measured in sparsely or mixed 
labeled samples to avoid the problem of homonuclear scaler or dipolar recoupling. These techniques have lower 
sensitivity due to low g (gyromagnetic ratio)-nuclei detection and lesser number of labeled spins in the samples. The 
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distance detection range also suffers from involving low g-nuclei in the spin pair, since it is proportional to the g of 
both the spins. We will benefit from having 1H (highest g among the stable isotopes) as one of the TEDOR spins to 
obtain some of the longest distance ranges in biomolecules (1H-19F(42), followed by 1H-31P and 1H-13C). 1H detection 
also allows us to increase sensitivity and reduce experimental time43–47. However, 1H detection requires (ultra)fast 
MAS (30-110 kHz)48 and/or perdeuteration48,49 of protein samples to partially/completely average out the strong 1H-
1H dipolar couplings50,51. Perdeuteration of the protein leads to removal of non-exchangeable 1H from the sidechains, 
which can result in loss of information about their structural properties. Specific type of labeling like residual 
protonation52–54, methyl group (of Ile, Val and Leu residues) labeling55–58 or incorporation of fully protonated amino 
acids59 is used to circumvent this problem. However, preparation of such samples can be often times time and cost 
inhibitive. Hence, for improved sensitivity and resolution, and simplicity in isotopically labeled protein production, 
there is a critical need for a pulse sequence that can determine long-range quantitative and un-ambiguous distance 
restraints in uniformly 13C labeled and perdueterated proteins.  
 In this chapter, we present a novel pulse sequence that combines the power of 1H-detection with TEDOR 
spectroscopy to detect backbone as well as sidechain 1H-13C dipolar interactions in uniformly 13C, 2H, 15N (U-CDN)- 
labeled proteins. It produces a 15N/13C-1H 2D correlation spectrum or a 15N-13C-1H 3D correlation spectrum in which 
the peak intensities depend on the dipolar interactions between the 1H-13C/15N spin pairs and can be recorded at 
different TEDOR mixing times to construct a TEDOR buildup curve for that specific peak. Our previous work 
(Chapter 2 and 3) focused on quantitative and precise distance measurements by reporting 1H-13C REDOR dipolar 
dephasing. Herein, we remove the ambiguity in those REDOR distances by frequency labeling the spin pair involved 
in TEDOR mixing. Furthermore, frequency labeling all the three dimensions also provide resolution enhancement. 1H 
resolution is optimal due to fast MAS (~30 kHz) and perdeuteration of protein samples. Band selectivity of TEDOR 
mixing is achieved with frequency selective p-pulses on 13C spins. We have demonstrated the applicability of 1H-
detected frequency-selective(fs) TEDOR on not only glycerol labeled but also uniformly 13C-labeled samples like 
GB1 protein and a-synuclein (a-syn) fibrils. In addition, we have noted a few factors that are essential for this pulse 
sequence like high radio-frequency (RF) power and accurate rotor synchronization of pulses. In uniformly 13C-labeled 
samples, the 13C-13C dipolar interaction also gets recoupled during TEDOR and this can be addressed by taking it into 
account during TEDOR curve fitting or by utilizing R-symmetry pulses60,61  instead of hard p-pulses during TEDOR 
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period. Therefore, we have also discussed a similar 1H-detected TEDOR RN pulse sequence that can be applied to 
recouple the 1H-13C dipolar couplings and suppress 13C-13C homonuclear dipolar couplings.  
4.4. Materials and Methods 
4.4.1. Preparation of Uniformly 13C, 15N, 2H (U-CDN) -Labeled Ala 
13C3, D4,15N-labeled L-Ala was purchased from Cambridge Isotope Laboratories (Andover, MA) and 
exchanged into 99.99% D2O. It was lyophilized and recrystallized from a saturated solution (~250 mg/mL) by slow 
evaporation at room temperature. 4 mg of finely crushed crystals was packed in a 1.6 mm FastMAS rotor (Revolution 
NMR, LLC, Fort Collins, CO). 
4.4.2. Preparation of [1,3-13C] Glycerol Uniformly- 15N, 2H Labeled GB1 
The recombinant protein was expressed in Escherichia coli BL21 (DE3) using 2H,13C,15N minimal media at 
37 °C containing 13 g/L KH2PO4, 10 g/L K2HPO4, 9 g/L Na2HPO4, 1.66 g/L MgSO4, 1.5 g/L 15N NH4Cl,  1.5 g/L 
KCl, 100 μg/mL Ampicillin, 10 μg/mL thiamine,  4 g/L 1,3-13C glycerol and 2 g/L natural abundance (N.A) Na2CO3 
in 100% D2O. The first pre-growth consisted of inoculating Lysogeny Broth (LB) + Ampicillin with one colony of 
transformed cells and shaking it overnight at 37 °C. The 2nd pre-growth consisted of adding 200 µL of 1st pre-growth 
to N.A. minimal media and letting it shake at 37 °C for 15 hours. The 3rd, 4th and 5th pre-growth involved inoculation 
of the 2H,13C,15N minimal media with the previous pre-growth and letting them shake at 37 °C. The actual growth was 
then performed in 2H,13C, 15N minimal media with inoculation with the last pre-growth. It continued until OD600 
reached 1 and was then induced with 0.5 mM dioxin-free isopropyl-b-thiogalactopyranoside (IPTG). Cells were 
harvested after incubating for an additional 12 h at 37 °C.  
The cell pellet was purified according to ref (62). The purified protein was then dialyzed into 10:90 H2O: 
D2O buffer. It was concentrated to 25 mg/mL, precipitated with 2-methyl-2,4-pentanediol (MPD) and isopropanol 
(IPA) according to ref (63) and ultracentrifuged. ~5 mg of the microcrystals was packed in a 1.6 mm FastMAS rotor. 
4.4.3. Preparation of U-CDN Labeled GB1 
U-CDN GB1 protein was expressed in E. coli cells and purified as per ref (62). The purified protein was 
dialyzed into 30:70 H2O: D2O buffer and concentrated to ~25 mg/mL. It was then precipitated with MPD and IPA 




4.4.4. Preparation of U-CDN Labeled a-syn Monomer 
The recombinant protein was expressed in Escherichia coli BL21 (DE3) using High Density (HD) Medium64 
containing HD salts (50 mM Na2HPO4, 25 mM KH2PO4 and 10 mM NaCl in D2O, pD=8), 5 mM MgSO4 from D2O 
stock, 0.2 mM CaCl2 from D2O stock, 10 ml/L 2H13C15N-Bioexpress (Cambridge Isotope Laboratories, Tewksbury, 
MA), 0.25 x BME vitamins (2.5 ml/L of 100x) (Sigma-Aldrich, St. Louis, MO) from H2O stock, 0.25x Studier Trace 
metals from D2O stock, 1 g/L 15N-NH4Cl (18 mM), 8 g/L 2H13C- glucose and 90 µg/mL kanamycin from D2O stock.  
The growth was performed at 25 °C with 200 rpm shaking and continued till A600=~5. It was induced with 0.5 mM 
dioxin-free isopropyl-b-thiogalactopyranoside (IPTG). Cells were harvested after incubating for an additional 15 h at 
25 °C.  
A cell pellet from 250 mL of culture was resuspended in 75 mL of lysis buffer (10 mM Tris-HCl, pH 8.0, 1 
mM EDTA, 40 mM NaOH and 0.1% Triton X-100) and incubated at 37 °C for 35 min. The pellet was further incubated 
at 37 °C with shaking at 200 rpm for 1 h after addition of 825 μL of 1 M MgCl2, 825 μL of 1 M CaCl2 and 1000 units 
(5 μL) of TurboNuclease (Accelagen, San Diego, CA). Addition of 750 μL of 0.5 mM EDTA removed the excess 
metal ions. The cell debris was removed by centrifuging at 10,500 g for 20 min. One part of 5 M NaOH was added to 
six parts of the supernatant by volume and the resulting solution was heated for 10 min in boiling water and then 
cooled in an ice bath for 1 h. The precipitate was removed by ultracentrifuging at 125,000g for 2 h. Saturated 
(NH4)2SO4 solution was added slowly to the supernatant to 50% v/v with constant stirring to incipient cloudiness. 
Following overnight incubation at 4 °C with stirring to complete precipitation, the solution was centrifuged at 125,000 
g for 2 h at 4 °C.  
The α-syn pellet was resolubilized in 20 mM Tris, pH 8, and filtered through a 0.22 μm filter. This solution 
was then loaded on a 60 mL anion exchange column (Q Sepharose FF, GE Healthcare, Piscataway, NJ) and eluted 
with a linear gradient of 0-0.8 M NaCl. Fractions containing α-syn, which elute around 0.3 M NaCl, were pooled and 
concentrated using a 3 kDa molecular weight cut-off (MWCO) filter in an Amicon stirred cell concentrator (EMD 
Millipore, Billerica, MA). The concentrated fraction was filtered again and loaded onto a pre-packed HiPrep 26/60 
Sephacryl S-200 HR gel filtration column (GE Healthcare, Piscataway, NJ) in 100 mM sodium phosphate (pH 7.4), 
0.2 mM EDTA, 0.02% NaN3 (PEN buffer).  Pooled fractions were diluted by half with MilliQ water and stored at 4 
°C. The yield of purified U-CDN protein was 247 mg/L of growth medium. The protein concentration was determined 
by measuring the A280 using the molar extinction coefficient of 5800 M-1 cm-1 for α-syn.  
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The monomer solution was concentrated to 15 mg/mL in PEN buffer, dialyzed to 90:10 D2O:10 H2O PEN 
buffer and was fibrillized by incubating at 37 °C with 200 rpm shaking for 3 weeks. 5% (v/v) seed of the form 
described in (6)(PDB: 2N0A) was added to the monomer prior to the incubation to aid in forming fibrils. The resulting 
viscous fibril solution was ultracentrifuged at 129,000 g to form a fibril pellet, which was washed further with 
deionized water, dried down under N2 atmosphere, packed into a 1.6 mm FastMAS rotor (Revolution NMR, LLC, 
Fort Collins, CO) and rehydrated with 75 mM Cu (EDTA) in 40% (m/v) D2O65. 
4.4.5. 1H-detected Frequency Selective TEDOR Pulse Sequence 
 Fig. 4.1 (a) illustrates a X-1H two-dimensional (2D) experiment where the initial magnetization is on 1H. 
After a solvent suppression period using pre-saturation pulses, the TEDOR period starts, where the in-phase 
magnetization on 1H is converted to anti-phase magnetization by applying two p-pulses per rotor period on 13C 
channel.  There are two such p -pulse trains, and a refocusing selective pulse on 13C (normally a Gaussian 
waveform22,66–69) and refocusing pulse on 1H in between the trains. This will be called the 1st REDOR period. The 
antiphase magnetization component is then transferred to 13C through INEPT70 step. The magnetization is then evolved 
on 13C with the option of soft pulse- hard pulse pair for refocusing. The magnetization is then transferred back to 1H 
Fig. 4.1: Pulse sequence for 1H-detected frequency selective TEDOR spectroscopy. The sequence for X-1H type TEDOR 2D 
experiment is shown in (a) and Y-X-1H type TEDOR 3D experiment is shown in (b). The pulse sequences are explained in detail 
in the text. The phase cycles are as follows: (a) f1 = y,y,y,y,-y,-y,-y,-y; f2 = y,y,-y,-y; f3 = x,y,x,y,y,x,y,x; f4 = x,x,x,x,y,y,y,y; 
f5 = y,y,-y,-y; f6 = x,x,-x,-x,-x,-x,x,x; and (b) f1 = -x,-x,-x,-x,-x,-x,-x,-x,x,x,x,x,x,x,x,x; f2 = x,-x; f3 = y,y,y,y,-y,-y,-y,-y; f4 = 
x,y,x,y,y,x,y,x; f5 = x,x,x,x,y,y,y,; f6= y,y,-y,-y; f7 = x,x,-x,-x,-x,-x,x,x,-x,-x,x,x,x,x,-x,-x 
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through INEPT and converted back to in-phase magnetization by again applying two p-pulse trains (2nd REDOR 
period). 1H magnetization is finally detected in the direct dimension with WALTZ decoupling on 15N and 13C channels.    
Fig. 4.1 (b) illustrates a three-dimensional (3D) Y-X-1H experiment where the 3rd dimension (15N in this case) 
is also frequency labeled. The 1H magnetization in the beginning is transferred to 15N through cross-polarization 
(CP)71. The magnetization then evolves on the 15N channel while there is TPPM decoupling on 1H and p-pulse 
refocusing on 13C-channel. This is followed by storing the magnetization along z-axis and applying MISSISSIPPI 
scheme for solvent suppression. The magnetization is then returned to the x-axis and cross-polarized back to 1H. The 
TEDOR period as described for the previous pulse sequence starts after this. It includes the INEPT transfer of 
magnetization between 1H and 13C, frequency labeling of 13C and two REDOR periods. 1H magnetization is finally 
detected with WALTZ72 decoupling on 15N and 13C channels.  
4.4.6. Solid-State NMR Spectroscopy 
 Experiments on U-CDN Ala, U-CDN GB1, [1,3-gly-13C] U-DN GB1, U-CDN a-syn were carried out at 11.7 
T (500 MHz 1H frequency) on a Varian (Walnut Creek, CA and Loveland, CO) VNMRS spectrometer with a 1.6 mm 
HCDN FastMAS probe. The spinning was controlled at 33, 333 ± 10 Hz by a Varian MAS controller. The variable 
temperature gas was maintained at 0 °C. 13C chemical shifts were references externally with adamantane at 40.48 for 
the methylene signal73. 
1H-detected TEDOR on U-CDN Ala. The p/2 pulse widths were 1.4 µs for 1H, 3.6 µs for 15N and 1.4 µs for 13C. The 
contact time for 1H-to-15N CP and 15N-to-1H CP transfer was 1.6 ms. The 1H-to-13C CP was 3.8 ms and 13C-to-1H CP 
transfer was 1.6 ms. The indirect dimension was not digitized in this experiment. The TEDOR p-pulse widths were 
~2.8 µs. For X-1H type experiments, the TEDOR mixing time was varied from 0 to 1.68 ms for 13C-1H and from 0 to 
2.64 ms for 15N-1H transfer. For Y-X-1H type experiments, the TEDOR mixing time was varied from 0 to 4.8 ms for 
1H-13C transfer and 0 to 2.4 ms for 1H-15N transfer.   
1H-detected 15N-13C-1H 3D TEDOR on [1,3-13C-gly] U-DN GB1. The contact time for 1H-15N CP transfer was set to 
850 µs and 15N-1H transfer was set to 300 µs. Both 13C and 15N indirect dimensions were digitized to 5.76 ms. 10 kHz 
TPPM74,75 decoupling was applied on the 1H during indirect evolution on 15N. The TEDOR p-pulse widths were ~2.8 
µs. The refocusing soft pulse on 13C between two p-pulse trains during REDOR periods had a Gaussian waveform 
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and was 600 µs long. The 13C channel transmitter offset was set to 175 ppm (C’ atoms of proteins are excited in this 
region). The TEDOR mixing time was varied from 0.72 ms to 2.64 ms. 
1H-detected 15N-13C-1H 3D TEDOR on U-CDN labeled GB1, back-exchanged to 30% 1H. The contact time for 1H-to-
15N and 15N-to-1H CP transfer was set to 850 µs. ~10 kHz TPPM decoupling was applied to the 1H channel during 28 
ms of indirect evolution on 15N channel. Three versions of the 3D experiment were performed, each with the 13C 
channel transmitter frequency set to a particular region: 13C’ (175 ppm), 13CH3 (20 ppm) and aromatics (130 ppm). 
For the 13C’ version, the 13C dimension was digitized to 23 ms and the selective refocusing pulse on the 13C channel 
was a 0.18 ms long Gaussian pulse. The TEDOR mixing time was varied from 0.24 ms to 1.92 ms. For the 13CH3 
version, the 13C dimension was digitized to 23 ms and the selective refocusing pulse on the 13C channel was a 1.2 ms 
long Gaussian pulse. The TEDOR mixing period was varied between 0.48 ms and 3.84 ms. For the aromatics version, 
the 13C dimension was digitized to 5.7 ms and the selective refocusing pulse on the 13C channel was a 1.2 ms long 
Gaussian pulse. The TEDOR mixing period was varied between 0.72 ms and 3.84 ms. For all the experiments, non-
uniform sampling (NUS)76,77 was utilized to reduce experimental time.  
1H-detected 15N-13C-1H 3D TEDOR on U-CDN labeled a-syn fibrils, back-exchanged to 10% 1H. The contact time for 
1H-to-15N and 15N-to-1H CP transfer was set to 850 us. ~10 kHz TPPM decoupling was applied to the 1H channel 
during 30 ms of indirect 15N evolution. Two versions of the 3D experiment were performed, each with the 13C channel 
transmitter frequency set to: 13C’ (175 ppm) and 13CH3 (20 ppm). For the 13C’ version, the 13C dimension was digitized 
to 30 ms and the 13C selective refocusing pulse was a 0.18 ms long Gaussian pulse. The TEDOR mixing time varied 
from 0.24 to 1.92 ms. For the 13CH3 version, the 13C dimension was digitized to 20 ms and the selective refocusing 
pulse on the 13C channel was a 0.6 ms long Gaussian pulse. The TEDOR mixing period was varied between 0.72 ms 
and 2.88 ms.  For all the experiments, non-uniform sampling (NUS) was utilized to reduce experimental time. 
4.4.7. Data Processing and Analysis 
 The 1H-detected TEDOR 1D spectra on U-CDN Ala sample were processed in Mnova NMR software 
(MESTRELAB 2014) with baseline correction and Lorenztian-to-Gaussian apodization. The 3D TEDOR spectra were 
processed using NMRPipe78, with back-linear prediction and polynomial baseline correction applied to the direct 
dimension, and Lorentzian-to-Gaussian apodization, phase shifted sine bells and zero filling applied to the indirect 
dimensions. Reconstruction of the sparsely sampled indirect dimensions was performed with the SMILE function79 
within NMRPipe. 
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 Microsoft Excel for Mac 2011 (version 14.7.1) software was used to analyze the effect of RF pulse power 
and timing on TEDOR and REDOR intensities. 3D TEDOR data were visualized and analyzed using NMRFAM-
SPARKY80. The R-symmetry simulations were performed with an in-house script written in MATLAB (MATLAB 
and Statistics Toolbox Release 2015a, The MathWorks Inc., Natick, Massachusetts, United States). 
4.5. Results and Discussion 
The goals of this study are to demonstrate — (1) a novel pulse sequence (1H-detected TEDOR) that combines 
the power of 1H-detection and heteronuclear dipolar recoupling technique like TEDOR to determine unambiguous, 
quantitative and precise 1H-X distance restraints, (2) robustness of the pulse sequence by application in small 
molecules , globular proteins and fibrils, and (3) factors that can be further addressed for improved determination of 
heteronuclear distances in biomolecules and their complexes. In the sections below, the 1H-detected TEDOR pulse 
sequence, its requirements, novel features and applications will be discussed in more details. 
4.5.1. 1H-TEDOR Pulse Sequence Requirements  
p-pulse amplitude affects TEDOR 
intensity. The amplitude of the 
dephasing p-pulses in the REDOR 
trains affects the TEDOR intensity. 
Fig. 4.2 demonstrates the importance 
of having full power on the p -pulses 
for obtaining the maximum benefit 
from TEDOR. When the p -pulses 
have power between 125-178 kHz (p/2 
pulse width is ~1.5 us), the TEDOR 
intensity is maximum. However, it decreases with the decrease in pulse power. At 40 kHz power (6.3 us p/2 pulse 
width), the TEDOR intensity is 76% of the original intensity at full power on p pulses. At higher MAS and shorter 
rotor periods, having shorter p -pulses also have an added advantage of reducing the finite pulse width effect81.  
Selective refocusing pulse’s rotor synchronization is critical for 1H-detected TEDOR. The duration of the selective 
refocusing pulse on the 13C channel between the REDOR p-pulse trains should be equal to the multiple of the rotor 
Fig. 4.2: Effect of p-pulse power on 1H-deteted TEDOR intensity. This experiment 
was performed on the U-CDN GB1, 30% back-exchanged sample  
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period. During 13C chemical shift evolution, the soft pulse-hard pulse pair should also be rotor synchronized. This 
means that the soft pulse duration should be a multiple of the rotor period minus the hard pulse width. This is very 
critical for proper working of TEDOR pulse sequence, as shown in Fig. 4.3 and Table 4.1. Fig. 4.3 demonstrates the 
1HN spectra of U-CDN GB1 protein collected with 1H-detected TEDOR sequence when the MAS is 33.333 kHz and 
the rotor period is 30 µs. Fig. 4.3(a) illustrates the 1D TEDOR curve with a 180 µs long gaussian soft pulse and 3.2 
µs hard pulse pair switched on during 13C chemical shift evolution period (only the 1st row collected and not the entire 
2D) and centered at 175 ppm (13C’ region). In this case, the total duration of the pair of pulses is not rotor synchronized. 
We notice that the TEDOR curve maximizes at 0.36 ms mixing time and then rapidly decays to almost zero signal by 
3.5 times that mixing time. Fig. 4.3(b) however demonstrates the TEDOR 1D curve when the soft pulse-hard pulse 
pair together is rotor-synchronized (the soft pulse is 176.8 µs long and the hard pulse is 3.2 µs long). We see that the 
curve maximizes at 0.48 ms mixing and then there is no rapid decay in the signal.  Table 4.1 further corroborates to 
this fact. The TEDOR efficiency at 0.48 ms mixing time decreases by 33% when the soft pulse-hard pulse pair is not 
properly rotor synchronized during the chemical shift evolution period. 
Fig. 4.3: Effect of proper pulse timing on TEDOR intensity and curve. TEDOR 1D curve from 0 to 1.44 ms for 1HN spins 
interacting with 13C’ spins in U-CDN GB1, 30% back-exchanged sample with the 13C refocusing pulses centered at 175 ppm (C’ 
region). The soft pulse-hard pulse pair in the middle of the 13C chemical shift evolution period is not rotor synchronized (a) and 
is rotor synchronized (b) 
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Table 4.1: Comparison between the efficiencies at 0.48 ms for TEDOR 1D spectra with different timing of selective refocusing 
pulse during 13C chemical shift evolution period  
Spectrum 
Efficiency (%) at 
0.48 ms mixing 
1HN 1D (hnhcH: 1H -15N -1H CP transfer and 1H-13C-1H TEDOR mixing) 100 
1HN 1D (hnhc’H: 180 us long gaussian pulse during REDOR periods and no soft pulse 
during chemical shift evolution) 95 
1HN 1D (hnhc’H: 180 us long gaussian pulse during REDOR periods and chemical shift 
evolution; soft pulse-hard pulse pair during evolution period is not rotor synchronized) 61 
1HN 1D (hnhc’H: 180 us long gaussian pulse during REDOR periods and 176.8 us long 
gaussian soft pulse during chemical shift evolution; soft pulse-hard pulse pair during 
evolution period is rotor synchronized) 
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4.5.2. 1H{13C} TEDOR Effects on Residual Amino 1H in U-CDN Ala 
We initially tested the 1H-detected TEDOR pulse sequence on the crystalline sample of U-CDN Ala with 
only residual 1H present. We first collected the X-1H TEDOR experiment (sequence in Fig. 4.1(a)) as a 1D where the 
Fig. 4.4: Application of 1H-detected TEDOR pulse sequence (X-1H 2D type) on U-CDN labeled Ala. (a) 1H 1D TEDOR spectra 
where TEDOR mixing is happening between 1H and 13C spins from 0 to 1.44 ms. (b) 1H 1D TEDOR spectra where TEDOR mixing 
is occurring between 1H and 15N spins at 0.48 ms (left) and 2.64 ms (right) 
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X nuclei can be 15N or 13C (Fig. 4.4). Fig. 4.4 (a) illustrates the TEDOR 1D curve from 0 ms to 1.68 ms (corresponding 
to a 1H-13C distance of ~3.7 Å) when the mixing is occurring between the residual 1H (both backbone and sidechain) 
and all the 13C atoms present in U-CDN Ala. The residual amino 1H (at 8 ppm) and the residual CH3 1H (at 1 ppm) 
show maximum intensity at ~0.6 ms and ~0.48 ms mixing time respectively. The residual Ca 1H (at 3.5 ppm) already 
reaches maximum intensity by 0.24 ms. This indicates that the shortest 1H-13C distance in this sample corresponds to 
the 13Ca – 1H (Ca) pair. Ideally, the 13C- 1H (CH3) will also be the same (~1 Å). However, due to the fast rotation of 
the CH3 group, the dipolar coupling is motionally averaged. The amino 1H are closest to the Ca atom (~2.2 Å) and 
hence shows maximum intensity at a later time than the first two cases. Fig. 4.4(b) illustrates the 1H 1D TEDOR 
spectra at two mixing times — 0.48 ms (left) and 2.64 ms (right) when the mixing is occurring between the residual 
1H and the 15N atoms in U-CDN Ala. At 0.48 ms mixing, as expected, the amino 1H signal shows the highest intensity 
Fig. 4.5: Application of 1H-detected TEDOR pulse sequence (Y-X-1H 3D type) on residual 1H of U-CDN labeled Ala sample. (a) 
1H TEDOR spectra from 0 ms to 4.8 ms where 1H atoms from 13C groups are interacting with the 15N atom through TEDOR mixing, 
and (b) 1H TEDOR spectra from 0 ms to 2.40 ms where amino group 1H atoms are interacting with the 13C atoms in the sample 
through TEDOR mixing 
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out of all the three peaks since they are closest to the 15N atom. However, with increase in mixing time (2.64 ms), the 
long-range distances like intermolecular 1H(CH3)- 15N are also detected.  
We also collected the Y-X-H 3D TEDOR experiment (sequence in Fig. 4.1(b)) as a 1D on U-CDN Ala (Fig. 
4.5). The first version is where the magnetization transfer occurs from 1H to 13C and back to 1H atoms through CP and 
then TEDOR mixing occurs between 1H(13C) and 15N atoms. Fig. 4.5(a) shows the TEDOR 1D spectra of this version 
from 0 ms to 4.8 ms mixing time. Each spectrum contains the 1H peaks for the 13C groups (Ca and CH3). Both 1H 
(Ca) and 1H(CH3) atoms show maximum intensity at 0.48 ms. There is a second maxima in the TEDOR curve at 2.4 
ms which is occurring due to intermolecular interaction between 15N atom and 1H(CH3) atoms. The second version is 
where the magnetization transfer occurs from 1H to 15N and back to 1H through cross polarization and then TEDOR 
mixing occurs between residual amino 1H and 13C atoms in U-CDN Ala. Fig. 4.5 (b) shows the TEDOR 1D spectra 
for this version from 0 ms to 2.4 ms mixing time. Only signal from amino group 1H is present in the spectrum due to 
filtering out of signals from 1H attached to 13C atoms during CP.  The TEDOR intensity for the amino 1H signal 
maximizes at 0.48 ms, which indicates its interaction with the closest 13C atom, Ca, in the sample. 
4.5.3. 1H{13C} TEDOR Effects on 1,3-gly Labeled GB1 
 We performed 15N-13C-1H 3D TEDOR experiments on [13C-1,3-gly] U-DN labeled GB1 protein, back-
exchanged to 10% 1H. One way to reduce the effect of 13C-13C scaler coupling on the observed TEDOR build-up 
curves is to utilize glycerol labeled samples82, where every alternative carbon atom is isotopically labeled. This ensures 
that stronger one-bond couplings do not compromise the detection of weaker dipolar couplings. Additionally, glycerol 
labeled samples have the advantage of enhanced resolution in the NMR spectra.  
Mixing between amide 1H and 13C’ atoms emphasizes hydrogen bonding between b-strands. The version of 3D 
TEDOR where the refocusing 13C pulse is centered at 175 ppm is performed on the gly-labeled sample (Fig. 4.6). In 
this case, the extracted dipolar trajectories from the TEDOR build-up curves will provide information on interaction 
between backbone and side-chain amide/amino 1H and C’ atoms. If the protein has b-strands as secondary structural 
elements, then they have hydrogen bonding between the backbone amide 1H and the backbone C’ atom of the parallel 
or anti-parallel b-strands. Hence, if we observe a peak corresponding to 1H resonance from one residue and 13C’ 
resonance from a non-sequential residue, we can deduce that the residues are in parallel or antiparallel b-strand 
structurally. This is demonstrated in Fig. 4.6 (a-b). The backbone amide 1H of E56 in Fig. 4.6(a) shows correlation to 
the C’ atom of N8 residue at 0.72 ms mixing time, apart from the correlation to the closest C’ atom (i-1 residue C’, 
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T55 C’ in this case). In Fig. 4.6(b), L7 and L5 have overlapped amide 1H and 15N resonance, and they show correlation 
to their i-1 residue’s C’ atom. L7 amide 1H also show correlation to G14 C’, indicating that L7 and G14 might be next 
to each other on parallel or anti-parallel b-strands.  
Mixing between sidechain amino 1H and 13C atoms differentiates between the two amino 1H. Due to the different 
orientation of the two amino 1H in a sidechain of an amino acid, their dipolar coupling values with the nearest 13C 
atom are different. Fig. 4.6 (c) illustrates how we can differentiate between the two amino 1H in the N37 sidechain in 
GB1 protein. One of the amino 1H show stronger correlation with the N37 sidechain Cd atom at 0.72 ms mixing time, 
indicating that it is orientated towards the Cd atom. The other amino 1H show a weaker correlation to N37 Cd atom 
Fig. 4.6: Application of 1H-detected fs-TEDOR 3D pulse sequence on [13C- 1,3- glycerol] 
U-DN labeled GB1 protein, back-exchanged to 10% 1H. 15N-13C-1H 3D spectrum with a 
600 us long gaussian selective pulse centered at 175 ppm and collected at mixing time of 
(a-c) and 1.44 ms(d). 13C-1H 2D plane at the specified 15N chemical shift is illustrated for 
the residues labeled in the spectra 
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but show another correlation to Y33 C’ atom. This indicates that the orientation of the 2nd amino 1H is further away 
from its own sidechain Cd atom and closer to the Y33 residue C’ atom. 
Intermolecular contacts are revealed from 1H-13C TEDOR mixing. The interaction between the backbone or sidechain 
amino 1H in one molecule and the 13C’ in the neighboring molecule in the crystal lattice can also be detected using 
this experiment at longer mixing times (Fig. 4.6(d)). For example, at 1.44 ms mixing, the Y45 amide 1H show 
correlation to the K13 C’. Assuming that the structure of the GB1 protein is known (PDB: 2KWD), it can be shown 
that intramolecular interaction between the K13 and Y45 is weaker than the intermolecular interaction.  
In this section, we established that the 1H-detected TEDOR 3D experiment with the frequency selective 13C 
pulse centered at 175 ppm (C’ region) reveals crucial secondary, tertiary and quaternary structural elements for a 
protein like H-bonding between parallel or anti-parallel b-strands, difference between the sidechain amino 1H, and 
intermolecular interactions. Future work will involve extracting these TEDOR build-up curves for individual residues 
and fitting them to obtain 1H-13C quantitative distances. 
4.5.4. 1H{13C} TEDOR Effects on U-CDN GB1 
 Our next goal was to demonstrate the applicability of the 1H-detected TEDOR pulse sequence on a uniformly 
isotopically labeled protein sample. This will eliminate the need of preparation of a differently labeled sample, which 
is often times expensive and requires a lot of time investment. We applied 1H-detected TEDOR on U-CDN labeled 
GB1 protein, back-exchanged to 30% 1H. We performed three versions of the experiment — when the 13C selective 
refocusing pulses during REDOR period and 13C chemical shift evolution are centered at (a) 175 ppm (C’ region), (b) 
20 ppm (methyl region) and (c) 130 ppm (aromatics). The details of these experiments are mentioned below. 
1H-13C’ TEDOR mixing reveals hydrogen bonding between b-strands in GB1 protein. As discussed for the gly-labeled 
sample, the 1H-13C’ version of the experiment can verify the residues present in a b-strand secondary structure in a 
protein. Fig. 4.7 (a-c) validates this point by showing the 15N-13C’-1H 3D TEDOR spectra at three different mixing 
times (0.36 ms, 0.96 ms and 1.68 ms). At short mixing time (Fig. 4.7a), we observe only the strongest correlations 
between the backbone amide of ith-residue and the C’ atom of the i-1 or ith residue. Here, at 15N resonance of 125.5 
ppm, the I6 backbone amide 1H show correlation to I6 C’ and L5 C’. At the intermediate mixing time (Fig. 4.7(b)), 
we see interactions with i ± 2 residues’ C’ atom. At longer mixing times (1.68 ms, Fig. 4.7(c)), we start observing the 
correlation with C’ atoms of non-sequential residues, indicating that I6 and T51, T53 and V54 are present on 
neighboring b-strands. 
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1H-13C (methyl and aromatics) TEDOR mixing identifies tertiary contacts and side-chain orientations. Fig. 4.7(d-i) 
demonstrate some long-range correlations between backbone amide 1H and 13C atoms present in methyl group and 
aromatic rings of non-sequential residues. At the 15N chemical shift of 120.4 ppm (Fig. 4.7(d-f)), we see mixing 
between 1H and methyl group 13C of residues like Ala, Val and Thr at three different mixing times (0.48 ms, 0.96 ms 
and 3.12 ms). For example, K10 backbone amide 1H shows interaction with its own Cg atom at a short mixing time of 
0.48 ms (Fig. 4.7(d)). At 0.96 ms mixing, it shows interaction with the methyl groups of V39, indicating that the two 
residues are close to each other on the structure and the V39 methyl group is oriented towards the K10 backbone. At 
a long mixing time (3.12 ms), K10 backbone amide 1H show correlations with T11 methyl group (Fig. 4.7(f)). 
Considering that they are sequential and still show a long distance between them, this indicate that these two residues 
can be in a loop or a turn, where the T11 methyl group can be pointed away from the K10 backbone. 
 In the case of aromatics, the correlations between the 13C atoms on the aromatic rings and the backbone amide 
1H of non-sequential residues will also emphasize the ring orientation other than providing long-range distance 
Fig.  4.7: Application of 1H-detected fs-TEDOR 3D pulse sequence on U-CDN GB1 protein, back-exchanged to 30% 1H. 15N 
-13C-1H 3D spectra collected with (a-c) 180 us long gaussian pulse centered at 175 ppm and at 0.36 ms,0.96 ms and 1.68 ms 
mixing time; (d-f) 1.2 ms long gaussian pulse centered at 20 ppm and at 0.48 ms, 0.96 ms and 3.12 ms mixing time; (g-i) 0.6 
ms long gaussian selective pulse centered at 130 ppm and at 0.72 ms, 1.92 ms and 3.84 ms mixing time. 13C-1H 2D plane at 
the specified 15N chemical shift is illustrated for the residues labeled in the spectra 
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restraints for tertiary structure. Fig. 4.7(g) illustrates the correlations between the backbone amide 1H of T53 and its 
neighboring tertiary contacts (Cd2 in F52 ring and Cd2 in W43 ring) at 15N chemical shift of 115.3 ppm. For the other 
two mixing times, we see a build-up in the intensities of these two correlations (Fig. 4.7(h-i)). Hence, we can deduce 
that the W43 residue is a close tertiary contact of T53 and its aromatic ring is oriented towards the T53 backbone. 
 Here, we have established that the different frequency selective versions of 1H-detected TEDOR can be 
successfully applied to a uniformly 13C, 2H-labeled protein. We can obtain enough sequential and non-sequential 
quantitative, precise and un-ambiguous distance restraints to perform a de-novo structure calculation of the GB1 
protein.  The effect of scaler and dipolar 13C-13C coupling on the dipolar trajectories will be considered during the 
fitting of TEDOR build-up curves in the future work.  
4.5.5. 1H{13C} TEDOR Effects on U-CDN a-syn  
 To demonstrate the robustness of the sequence, we also applied it to a U-CDN labeled 140 amino acid fibrillar 
protein, a-synuclein, back-exchanged to 10% 1H. This protonation level was chosen to obtain long 1H spin-spin 
relaxation times (T2) and enhance the resolution in the 3D TEDOR spectrum. We applied two different versions of 
the 3D TEDOR experiment — 13C refocusing selective pulse centered at (a) 175 ppm, and (b) 20 ppm to a-syn fibrils. 
Herein, we illustrate a few long-range 1H-13C correlations observed in the fibrillar structure (Fig. 4.8).  
Fig. 4.8: Application of 1H-detected fs-TEDOR 3D pulse sequence on U-CDN labeled 
a-syn fibrils, back-exchanged to 10% 1H. 15N-13C-1H 3D spectra collected with (a-b) 
0.18 ms long selective Gaussian pulse and at 0.48 ms and 1.92 ms mixing time; (c-d) 
0.6 ms long selective Gaussian pulse and at 1.92 ms. 13C-1H 2D plane at the specified 
15N chemical shift is illustrated for the residues labeled in the spectra. 
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 Fig. 4.8(a-b) demonstrate the correlations of Q79 side chain amino 1H with its own sidechain Cd atom at 
shorter mixing time (0.48 ms, Fig. 4.8(a)) and with the A89 C’ atom at longer mixing time (1.92 ms, Fig. 4.8 (b)). As 
demonstrated in a previous section for GB1 protein, the two amino 1H can be differentiated based on their orientations. 
Here, one of the amino 1H shows stronger correlation to its own Cd atom, whereas the other one show stronger 
correlation to the A89 C’ atom. This is unique, since till now, the two amino 1H in a sidechain have been difficult to 
resolve and hence have been given ambiguous orientation, Also, the Q79 residue forms a glutamine ladder along the 
fibril axis in this particular strain of a-syn fibril6. Hence, understanding which amino 1H contribute to the ladder 
formation will aid in better structure refinement. Fig. 4.8(c) show a long-range correlation between the backbone 
amide 1H of G93 and V71 Cg2 group at 1.92 ms mixing time, indicating that the V71 methyl group is oriented towards 
the G93 backbone. Fig. 4.8(d) show another long-range correlation at 1.92 ms mixing time between F94 backbone 
amide 1H and the Cb atom of A69, validating a potential tertiary contact. These very precise and un-ambiguous 
distance restraints can be utilized with other semi-quantitative restraints to determine the structural fold of a fibrillar 
protein. 
4.5.6. Effect of 13C-13C Homonuclear Coupling on 1H-detected TEDOR Dipolar Curves 
 One of the disadvantages of having all the p-pulses on the 13C channel is the recoupling of 13C-13C 
homonuclear coupling along with the 1H-13C heteronuclear coupling during the TEDOR period. It is a bigger problem 
especially for uniformly 13C – labeled protein due to their large 13C-network which produces strong 13C-13C coupling. 
One approach to suppress the homonuclear couplings while recoupling the heteronuclear coupling is to use R-type 
symmetry pulses60,61,83 instead of hard p -pulses during TEDOR period. R-type symmetry pulses are part of the 
generalized symmetry theorems proposed by Levitt et al.61 to design RF schemes in MAS SSNMR for effective 
recoupling and/or decoupling of various anisotropic interactions like chemical shift anisotropy, scaler and dipolar 
coupling, etc. Levitt proposed two such symmetry-based approaches, CNnn and RNnn, where the N, n and n are integer 
values and known as symmetry numbers. They depend on the rotational properties of the spin angular momenta during 
the rotor synchronized train of RF pulses in the pulse sequence and determine the phase and RF field strength of the 
R-symmetry pulses. The basic R element is usually a p-pulse, and the RF field strength is (N/2n * wR) and the phase 
is (±n/N*180°).  
Fig. 4.9 shows the simulated recoupled dipolar signals as a function of the mixing time for different values 
of 13C-13C homonuclear dipolar interaction, when π-pulses (Fig. 4.9a) and RN-pulses (Fig.4.9b-c) are applied on the 
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13C channel. Simulated signals are measured every NTR (N=1, 2, 3, 4…) and nTR (n – symmetry number) rotor periods 
for π-pulses and RN-pulses, respectively.  The heteronuclear recoupled signal has a strong dependence on the 13C-13C 
homonuclear dipolar interaction in the case of π-pulses (Fig. 4.9a) and especially when long heteronuclear distances 
are investigated (rC-H > 3.5 Å). The influence of undesired homonuclear dipolar interaction can be suppressed when π-
pulses are replaced with symmetry pulses, RNnν. Two examples of symmetry pulses are shown in Fig. 4.9b (R414) and 
Fig. 4.9c (R3071). However, the symmetry pulses have a scaling factor, which depends on the symmetry numbers (N, 
n, ν). The scaling factor makes the heteronuclear recoupled signal dephase slower. For example, the signals achieve 
the minimum values around 5.1 ms, 7.27 ms and 14.28 ms in Fig. 4.9a, 4.9b and 4.9c, respectively.   
Due to these promising results, we created another pulse sequence — 1H-detected TEDOR RN pulse 
sequence that will use RN-symmetry pulses instead of the p-pulses during the TEDOR period. Fig. 4.10 demonstrates 
the 2D 15N-1H/13C-1H and 3D 15N-13C-1H versions of the pulse sequence. The path of the magnetization transfer is 
similar to the one described for the 1H-detected TEDOR pulse sequence (in Fig. 4.1). Instead of the hard p-pulses 
during the REDOR period, we will apply rotor-synchronized RN-pulses, with their phase and RF power depending 
on their symmetry numbers. The basic R element that we have used for these pulse sequences is a p-pulse.  
Fig. 4.11 illustrates the simulated TEDOR signals when π-pulses (Fig. 4.11a) and RN-pulses (Fig.4.11b-c) 
are applied on the 13C channel. The 13C-13C homonuclear dipolar interaction is not taken into account. TEDOR signal 
achieves 0.52, 0.37 and ~0 of the intensities in Fig. 4.11a (π-pulses), Fig. 4.11b (R414) and Fig. 4.11c (R3071), 
respectively. R414 is a special case, when the measured TEDOR signal is not negligibly small. Other TEDOR RNnν 
Fig. 4.9: Simulated recoupled heteronuclear dipolar signals (rCH=4.5 A) as function of mixing time under 33.333 kHz of 
spinning rate and different values of 13C-13C homonuclear dipolar interaction (dipolar interaction in kHz/distance in Å): 
0.01/9.08 – black line; 0.2/3.35 – red line; 0.8/2.1 – blue line; 1.5/1.71 – green line; 2/1.55 – magenta line. (a) π-pulses are used 
with 151 kHz of rf-field. (b) R414 and R3071 symmetry pulses are used 
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give similar signal as in Fig. 4.11c. The specialty of R414 is that the phases of all RN-pulses are equal to 180o, whereas 
the phases of other RNnν-pulses alternate with ±180oν/N, depending on the use of symmetry numbers.              
For understanding such difference in the behavior of the TEDOR signals in Fig. 4.11, we need to consider 
schematically the behavior of the starting operator, Ix during the 1st REDOR part when π-pulses and RNnν are used. 
Fig. 4.10: Pulse sequence for 1H-detected frequency selective TEDOR RN spectroscopy. The sequence for X-1H type TEDOR RN 
2D experiment is shown in (a) and Y-X-1H type TEDOR RN 3D experiment is shown in (b). The pulse sequences are explained in 
detail in the text. The phase cycles are as follows: (a) f1 = x,x,-x,-x; f2 = x,x,x,x,-x,-x,-x,-x; f3 = y,-y; f4 = y,y,-x,-x; f5 = 
y,y,x,x,x,x,y,y,-x,-x, y,y,y,y,-x,-x, -y,-y,-x,-x,-x,-x,-y,-y,x,x,y,y,y,y,-x,-x; f6= x,y,x,y,-x-y,-x,-y; f7 = x,-x,-y,y,x,-x,-y,y,-x,x,y,-y,-
x,x,y,-y; and (b) f1 = x,x,x,x,-x,-x,-x,-x; f2 = x,x; f3 = -x,0; f4 = y,y,y,y,; f5= x,x,x,x;  f6= x,y,x,y; f7 = x,x,x,x; f8 = x,x,-x,-x; 
f9= x,x; f10=x,x; f11= x,-x,-x,x,-x,x,x,-x  
Fig. 4.11: Simulated TEDOR signals (rCH=4.5 A) as function of mixing time under 33.333 kHz of spinning rate. (a) π-pulses are 
used with 151 kHz of rf-field. (b) R414 and R3071 symmetry pulses are used 
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For simplicity, we consider the behavior of the operator, Ix, under some orientation of the dipolar interaction. Ideally, 
a train of π-pulses on 13C channel and one π-pulse on 1H channel (the 1st REDOR part) will create two operators: 
                                         Ixcos[ωD(α,β,γ) tmix] + 2IySzsin[ωD(α,β,γ)tmix] 
where ωD (α,β,γ) is a dipolar interaction which depends on the Euler angles (α,β,γ) and inversely proportional to the 
cube of the distance. Applying π/2-pulse on the 1H and 13C channels (INEPT transfer) and the 2nd REDOR part, we 
make the first operator undetectable and the second detectable. When a train of π-pulses on 13C channel is replaced 
with RNnν, the behavior of the starting operator under the first REDOR part becomes more complicated. During the 
first part, RNnν-pulses can create additional undetectable operators like 2IySx and 2IySy, which will stay undetectable 
after the second REDOR part.       
Fig. 4.12 shows the amplitudes of four different detected operators as a function of the mixing time for the 
1st REDOR part, when only one orientation (α=75o, β=45o, γ=0o) is considered. In the case of π-pulses (Fig. 4.12a), 
the amplitude of Ix (black line) transfers to the TEDOR 2IySz operator (red line). The small oscillations in the amplitude 
of 2IySy operator (green line) occurs due to finite width of the π-pulses with respect to rotor period81. In the case of 
R414-pulses (Fig. 4.12b), the amplitude of Ix (black line) transfers to 2IySz (red line) and 2IySy operators (green line). 
The amplitude of the last operator cannot be neglected and therefore, the measured TEDOR R414 signal achieves lower 
maximum value (Fig. 4.12b) with respect to TEDOR π-pulses (Fig. 4.12a). In the case of R3071-pulses (Fig. 4.12c), 
the amplitude of Ix (black line) transfers to 2IySx (blue line) and 2IySy operators (green line), which stay undetectable 
after the second REDOR part. The amplitude of the currently TEDOR R3071 detected operator 2IySz (red line) has 
Fig. 4.12: Simulated amplitude of the different operators as a function of mixing time (the first part of TEDOR sequence) under 
33.333 kHz of spinning rate and rCH=4.5 A. <Ix> - black dotted line; <2IySz> - red thick line; <2IySx> - blue line; <2IySy> - green 
line. (a) π-pulses are used with 151 kHz of rf-field. (b) R414 and R3071 symmetry pulses are used. The Euler angles are: α=75o, 
β=45o, γ=0o 
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negligible value during the entire mixing time. Therefore, the measured TEDOR R3071 signal has negligible value too 
(Fig.4.11c).  
On the basis of Fig. 4.12c, if we choose 2IySx or 
2IySy as one of the detected operators, the TEDOR R3071 
signal can be significant and measurable. Fig. 4.13 shows 
simulated TEDOR R414 and TEDOR R3071 signals. For 
obtaining all the three signals, we took a trace of the 
detected operator in square and averaged it over all the 
Euler angles. TEDOR R3071 signal with 2IySy as a 
measured operator (blue line) grows about 2.3 times 
slower and achieves a value about 1.28 times larger than 
the maximum value of TEDOR R414 (red line). TEDOR 
R3071 signal with 2IySx as a measured operator (green 
line) grows significantly slower. Therefore, for the 
TEDOR R3071 experiment, the heteronuclear dipolar signal should be transferred via 2IySy operator. This can be 
achieved by changing the phases of the two p/2-pulses on the 13C channel during INEPT transfer between the REDOR 
periods. For example, the both 90o-pulses can have ±y phase cycling to leave to 2IySy operator unchanged and to get 
rid of 2IySx operator. This will be implemented in the future experimental TEDOR RN endeavors.  
4.6. Conclusions 
 This study was conducted to provide a solution for the challenge of determining un-ambiguous and 
quantitative distance restraints in perdeuterated and uniformly 13C/15N-labeled protein samples. In perdeuterated 
proteins, the side-chain orientations are especially difficult to resolve due to scarcity of 1H in the non-exchangeable 
groups in the side-chains. Herein, we demonstrate a novel 1H-detected frequency-selective TEDOR pulse sequence 
that reveals long-range interactions not only between backbone 13C and 1H, but also between sidechain 13C and 
backbone 1H and vice-versa. We displayed different frequency selective versions of the pulse sequence on a variety 
of amino acid and protein samples — U-CDN labeled Ala with residual 1% 1H, [13C- 1,3-gly] U-DN labeled GB1 
protein, back-exchanged to 10% 1H, U-CDN labeled GB1 protein, back-exchanged to 30% 1H, and U-CDN a-syn 
fibrils, back-exchanged to 10% 1H. We noted that this technique requires high RF power on the p-pulse in the TEDOR 
Fig. 4.13: Simulated TEDOR RNnν signals (rCH=4.5 A) as 
function of mixing time under 33.333 kHz of spinning rate 
where R414 with (red line) and R3071 (blue thick and green 
lines) are used. The measured operators are 2IySz for R414 ; 
2IySy (blue thick line) and 2IySz (green line) for R3071. All 
signals are averaged over Euler angles Ω = (α, β, γ) 
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periods and accurate rotor synchronization of selective pulses. The frequency selective nature partially addresses the 
issue of strong homonuclear scaler recoupling. The scaler 13C-13C coupling will be addressed in more details during 
the fitting of the TEDOR build up curves.  
 The dipolar trajectories obtained from this experiment contain a wealth of information about the secondary 
and tertiary structural elements of a globular or fibrillar protein. For GB1 and a-syn fibrils, we demonstrated that the 
1H-13C interactions provide us knowledge about — (1) residues on neighboring parallel or antiparallel b-strands, (2) 
side-chain orientations of both aliphatic and aromatic amino acids, (3) tertiary contacts between backbone and 
sidechain atoms and within themselves throughout the protein fold, and (4) possible intermolecular interactions in the 
supramolecular structure. Lastly, to address the issue of homonuclear 13C-13C dipolar recoupling during the hard p-
pulses of TEDOR periods in one of the multiple possible ways, we have theoretically discussed the possibility of 1H-
detected TEDOR RN pulse sequence, which will incorporate R-symmetry pulses instead of hard p-pulses during 
TEDOR period. We have shown simulations to support the basis of TEDOR RN pulse sequence with a few different 
R-symmetry values.  
We envision that the 1H-detected TEDOR (RN) approach can be utilized to obtain 1H-13C distances in 
biomolecules upto 6 Å, which are un-ambiguous and have a sub-Å uncertainty. These distance restraints will be 
extremely beneficial for structure determination and refinement of proteins. This method can be further extended to 
study binding interactions between small molecules or lipids with proteins. Overall, with increased sensitivity, 
resolution, and distance-detection range, 1H-detected fs-TEDOR has a promising future in the world of biomolecular 
SSNMR-based structure determination. 
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Towards REDOR in Biomolecular complexes: 13C/15N-19F REDOR in Small Molecules, 
GB1 Protein and a-synuclein Fibrils 
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5.2. Abstract 
We demonstrate a technique for introducing 19F probes into the b1 domain of the immunoglobulin binding 
protein G (GB1) crystals and a-synuclein (a-syn) fibrils through cysteine mutagenesis and covalent thiol ligation of 
3-bromo-1,1,1-trifluoroacetone.  We show that the resulting trifluoroacetonyl (TFA) probe minimizes structural 
perturbations in GB1 and a-syn monomer (as demonstrated by solution NMR) and in GB1 crystals and a-syn fibrils 
(as demonstrated by solid state NMR). Labeling efficiency is quantitative, within measurement error as determined 
by mass spectrometry, 19F solution NMR, and quantitative 19F direct polarization magic-angle spinning NMR in a-
syn fibrils. We illustrate one potential application of TFA probes by performing 15N-19F rotational echo double 
resonance (REDOR) on TFA-modified N8C GB1 crystalline protein and 13C-19F REDOR on TFA-modified A85C a-
syn fibril to detect 13C-19F distances of at least 10 Å.  
5.3. Introduction  
Magic-angle spinning (MAS) solid-state NMR (SSNMR) spectroscopy is a powerful technique for 
elucidating the structures of insoluble proteins, especially amyloid fibrils1–5 and membrane proteins6, and small 
molecule ligand or membrane bound biological complexes7-30. High-resolution three-dimensional (3D) structures are 
important for understanding potential small molecule interactions, facilitating the development of biomarkers (such 
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as tracers for molecular imaging)31 or better methods for screening lead compounds32. To determine the binding mode 
of a small molecule to a protein, it is highly advantageous to have a unique NMR active reporter-group near the 
binding site that can report on small molecule-protein interactions through chemical shift perturbations and 
intermolecular distance measurements. Several isotopic labeling and residue-specific labeling schemes have been 
developed to probe the structure of larger proteins that are biosynthetically produced, and their binding modes to small 
molecule ligands33–36.  
A popular technique that is used in SSNMR to measure precise and highly quantitative distances within and 
between biomolecules is known as rotational echo double resonance (REDOR)37–42. In REDOR, distance between two 
heteronuclear spins is obtained by measuring dipolar dephasing curves under the influence of multiple p-pulses in the 
pulse sequences which recouples dipolar coupling between the spins. Biomolecular structural determination by 
SSNMR utilizes many semi-quantitative distance restraints along with few highly quantitative distance restraints2-5,43–
51. REDOR has also been used extensively to study interactions in protein-protein, protein-small molecule and protein-
lipid complexes34,41,52-70. In these cases, one of the spins is one on the protein and the other in the spin pair is on the 
other peptide or protein, small molecule or the lipid. The spin on the lipid or membrane is usually the naturally present 
31P spin. The spin on the other peptide or small molecules is usually a 19F spin, since 19F has a lot of advantages as 
NMR nucleus and in the drug industry.  
Many small molecule drugs and peptides are fluorinated because 19F has unique physicochemical 
properties71. Its high electronegativity and high electron withdrawing effect allow it to modulate the lipophilicity and 
basicity/acidity of the ligand. Because the fluorine atom is compact (close to the size of a hydrogen atom) fluorination 
generally does not substantially perturb molecular conformation. The most stabilizing effect on the binding affinity of 
the ligand is the C-F∙∙∙C=O orthogonal interactions71,72.  Many fluorinated drugs have been developed, including 
efavirenz (HIV antiviral), taxol (anticancer), fluorinated shikimic acids (antibacterial), sitagliptin (antidiabetic for type 
2 diabetes)71, etc. Fluorination also provides an important means to introduce a suitable isotope (18F) for positron 
emission tomography.  This approach has been employed with synthesis of fluorinated small molecule ligands for 
neurodegenerative diseases like Parkinson’s Disease (PD)31, and a few of their derivatives have shown high affinity 
of binding to a-syn protein present in amyloid fibrils. Understanding these binding interactions at a molecular level 
will enable rational optimization of ligand structure based on quantitative structure-activity relationships. Along the 
same terms, 19F-labeled fibrils also offer opportunities for determination of 15N/13C/1H-19F distances. These distance 
 104 
restraints aid in protein 3D structure determination, as well as determination of unknown distances from fluorinated 
fibrils to non-fluorinated small molecules and establishment of standard 15N-19F/13C-19F/1H-19F REDOR distances for 
fluorinated small molecule binding non-covalently to the fibril. Among the spin-1/2 isotopes that can be site-
specifically incorporated into proteins or drugs, 19F has the largest gyromagnetic ratio (g) and therefore offers the 
largest distance measurement range for REDOR. Specifically, 13C{19F} REDOR measurements can report on distances 
up to at least 10 Å41. However, successful incorporation of 19F- containing moiety in amyloid fibrils have not been 
pursued in greater details before.  
In this chapter, we demonstrate that 19F as a trifluoromethyl group can be incorporated into GB1 
microcrystalline protein and a-syn fibrils by thiol ligation of 3-bromo-1,1,1-trifluoroacetone (BTFA) to a cysteine 
residue. We report optimal labeling conditions, show quality control data consistent with a highly efficient labeling, 
and demonstrate that the label is useful for 19F-REDOR measurements to 15N sites in GB1 and 13C sites within the 
fibril. We anticipate that this 19F labeling strategy will be useful for preparation of biosynthetic proteins or fibril 
samples into which 13C, 15N and/or 2H can also be incorporated in the culture media. 
5.4. Materials and Methods 
5.4.1. Small Molecules 
Natural abundance (N.A) 6-Fluorogramine (6-FG)73 was commercially obtained from Santa Cruz 
Biotechnology, Inc., Dallas, TX. Diflunisal74 was commercially obtained from Sigma-Aldrich, St. Louis, MO. 13C, 
15N-labeled trifluoroacetyl valine (TFA-Valine) was generously synthesized from uniformly-13C,15N-labeled valine, 
trifluoroacetic anhydride and trifluoroacetic acid75 by the Burke Lab in the University of Illinois at Urbana- 
Champaign. The 19F-labeled Pittsburgh Compound B (Flutemetamol)76 (19F-PiB) was generously provided by 
Professor Peter Scott’s lab in University of Michigan. 
6-FG was packed in the obtained powder form in a 1.6 mm FastMAS rotor (Revolution NMR, LLC, Fort 
Collins, CO) with low 19F-background spacers and caps. Diflunisal was recrystallized in acetone and packed in a 1.6 
mm FastMAS rotor. TFA-Valine was re-crystallized from methanol and packed in a 1.6 mm FastMAS rotor. 19F-PiB 
was packed in a 1.6 mm FastMAS rotor as obtained.  
5.4.2. SSNMR Data Collection on Small Molecules 
13C-19F REDOR experiments on the small molecules were carried out at 17.6 T (750 MHz 1H frequency) on 
a Varian/Agilent (Walnut Creek, CA and Loveland, CO) VNMRS spectrometer with a 1.6 mm HFXY FastMAS 
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probes. The spinning was controlled at 16,667 ± 10 Hz for REDOR experiments by a Varian MAS controller. The 
variable temperature gas was maintained at either 0 or 10 °C. All the experiments utilized 1H-13C tangent ramped cross 
polarization (CP)77 and SPINAL 1H decoupling78 during evolution and acquisition periods. 13C chemical shifts were 
referenced externally with adamantane79. 
6-FG. The π/2 pulse widths were ~2 μs for 1H, ~2.5 μs for 19F, and 1.7 us for 13C. The CP contact time for 1H-13C 
transfer was 1.6 ms. The dephasing time for REDOR was varied from 0 to 4.8 ms.  
19F-PiB. The π/2 pulse widths were ~2.7 μs for 1H, ~3.3 μs for 19F, and 1.9 us for 13C. The CP contact time for 1H-13C 
transfer was 3 ms. The dephasing time for REDOR was varied from 0 to 9.6 ms. The recycle delay was set to 8 s due 
to the presence of mainly aromatic 1H. 80 kHz of 1H SPINAL decoupling was used during REDOR and 13C acquisition 
time. 
TFA-Valine. The π/2 pulse widths were ~2.9 μs for 1H, ~2.2 μs for 19F, and 1.85 us for 13C. The CP contact time was 
set to 2.3 ms. 80 kHz of 1H SPINAL decoupling was used during REDOR and 13C acquisition time. The 19F transmitter 
offset was set to -84 ppm. The REDOR dephasing time was varied from 0 to 5.6 ms. For selecting specific 13C regions, 
a gaussian waveform selective refocusing pulse was used with pulse duration of 1.2 ms. 
Diflunisal. The π/2 pulse widths were ~2.7 μs for 1H, ~3.3 μs for 19F, and 2.1 us for 13C. The CP contact time was set 
to 3.5 ms. 80 kHz of 1H SPINAL decoupling was used during REDOR and 13C acquisition time. The recycle delay 
was set to 5 s. The REDOR dephasing time was varied from 0 to 10 ms.  
5.4.3. GB1 Protein Production 
The recombinant protein was expressed in Escherichia coli BL21 (DE3) using 2 L of 2H,13C,15N minimal 
media at 37 °C containing 25 mM KH2PO4, 25 mM K2HPO4, 5 mM Na2SO4, 2 mM MgSO4, 2 g/L 15N NH4Cl,  90 
μg/mL Ampicillin, 1mL/L BME vitamins (Sigma-Aldrich, St. Louis, MO), 10 mL/L 15N BioExpress (Cambridge 
Isotope Laboratories, Tewksbury, MA), 2 g/L N.A glucose and 0.2 x trace metals in 100% D2O. The pre-growth 
consisted of inoculating Lysogeny Broth (LB) + Ampicillin + 2 mM MgSO4 with one colony of transformed cells and 
shaking it till OD ~1 at 37 °C. The growth was then performed in 2H, 15N minimal media with inoculation with the 
last pre-growth. It continued until OD600 reached ~1.4 and was then induced with 0.5 mM dioxin-free isopropyl-b-
thiogalactopyranoside (IPTG). Cells were harvested after incubating for an additional 16 h at 25 °C.  
The cell pellet was purified according to ref (80) and stored in phosphate-buffered saline (PBS) (200 mM 
NaCl, 50 mM KH2PO4/K2HPO4, pH 7) with 1 mM dithiothreitol (DTT) until further use.  
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5.4.4. GB1 19F Labeling 
0.5 mM purified GB1 protein in PBS buffer and 1 mM DTT was taken unto a sterile tube, and then incubated 
with 10x molar excess DTT at 42 °C for 1 h. The concentrate was filtered (0.2 μm). BTFA (100x molar excess) 
(Sigma-Aldrich, St. Louis, MO) was added to the solution to a final concentration of 50 mM with constant stirring at 
room temperature. The reaction was continued for 40 min. The solution was passed through a PD-10 desalting column 
(GE Healthcare, Pittsburgh, PA) which was pre-equilibrated with PBS buffer, and the flow-through was dialyzed with 
two changes of PBS buffer to remove the oxidized DTT and the excess BTFA. The BTFA modified GB1 monomer 
was stored at 4 °C until further use.  
5.4.5. Characterization of BTFA Modified GB1 Monomer 
Solution NMR. GB1 monomer (540 µL of 1 mM in PBS buffer) was mixed with 60 µL of D2O for solution NMR. 
Three such samples were prepared: (1) wild type (WT) GB1 monomer; (2) N8C GB1 mutant pre-BTFA treatment; 
and (3) N8C GB1 mutant post-BTFA treatment. 
 Two-dimensional (2D) 1H-15N band-Selective Optimized Flip-Angle Short-Transient heteronuclear multiple 
quantum coherence (SOFAST-HMQC)81 spectra were collected on all the three samples at 4 °C. These experiments 
were conducted on a Varian (formerly of Palo Alto, CA) INOVA 17.6 T spectrometer with 4 mm Triple Res HXY T3 
Probe and Biopack pulse sequences (VNMRJ2.1B).  
5.4.6. SSNMR Sample Preparation and Data Collection on BTFA modified N8C GB1 
The BTFA modified N8C GB1 protein was concentrated to 25 mg/mL, precipitated with 2-methyl-2,4-
pentanediol (MPD) and isopropanol (IPA) according to ref (82) and ultracentrifuged. ~5 mg of the microcrystals was 
packed in a 1.6 mm FastMAS rotor with low 19F-background spacers and caps. 
MAS SSNMR experiments on GB1 crystalline protein were carried out at 17.6 T (750 MHz 1H frequency) 
on a Varian/Agilent VNMRS spectrometer with a 1.6 mm HXY and 1.6 mm HFXY FastMAS probes. The spinning 
was controlled at 16,667 ± 10 Hz for REDOR experiments or 22,222 ± 10 Hz for 15N-15N 2D with Proton Assisted 
Recoupling (PAR) mixing83 and 15N-13C 2D experiments by a Varian MAS controller. The variable temperature gas 
was maintained at 0 °C for the 15N-15N 2D, 15N-13C, 19F 1D, and the REDOR experiments. All the experiments utilized 
1H-13C tangent ramped CP and SPINAL 1H decoupling during evolution and acquisition periods. 13C chemical shifts 
were referenced externally with adamantane. 
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For the 15N CP one-dimensional (1D) spectrum, the π/2 pulse widths were ~2.4 μs for 1H and ~4.8 μs for 15N. 
PIPS (π-pulse trains) decoupling was utilized on 13C dimension during acquisition on 15N. For the 19F direct 
polarization (DP) 1D spectrum of BTFA modified N8C GB1, the π/2 pulse widths were ~3.2 μs for 1H, ~3.1 μs for 
15N and 3.3 μs for 19F. The 19F transmitter frequency offset was set to -84 ppm. SPINAL 1H decoupling of 60 kHz was 
used during acquisition. 
For the 15N-15N 2D with 18 ms PAR mixing, the π/2 pulse widths were ~1.4 μs for 1H and ~2.9 μs for 15N. 
The 1H-15N CP contact time was 1.4 ms. 90 kHz of SPINAL decoupling was using during 15N evolution and 
acquisition. For the 15N-13Ca 2D, the π/2 pulse widths were ~1.4 μs for 1H, ~2.9 μs for 15N and 2.5 μs for 13C. The CP 
contact time for the 1H-15N transfer was 2 ms and for the 15N-13Ca transfer was 5 ms. 80 kHz of 1H SPINAL decoupling 
was applied during 15N evolution and 13C acquisition. A selective refocusing pulse was applied on 13C channel to 
excite only the Ca region. It had a r-SNOB84–86 waveform set at 55 ppm and with 517.5 μs pulsewidth. 
For the 15N-19F REDOR experiment, the π/2 pulse widths were ~3.2 μs for 1H, ~3.1 μs for 15N and 3.3 μs for 
19F. The CP contact time for 1H-15N transfer was set to 800 us. 70 kHz 1H SPINAL decoupling was applied during 
REDOR and 15N acquisition. Each data set consisted of a non-dephased FID (S0) where no π pulses are applied on the 
19F channel, and the dephased FID (S), where two π pulses per rotor period are applied on the 19F channel. Alternating 
S0 and S data sets were collected, with 512 scans taken per FID, and multiple replicate data sets were acquired at each 
dipolar evolution time, to evaluate the magnitude of drift in experimental conditions.  
We measured the 15N T2 for this region of the spectrum and found it to be ~23 ms. To choose conditions of 
maximum dephasing, we considered the combined effect of the T2 relaxation time and the theoretical maximum 
dephasing and set the dephasing time to 24 ms. 19F π pulses were applied after the acquisition period for S0 spectra to 
balance the total amount of RF passing through the 19F transmitter during both S0 and S spectra.  
5.4.7. a-syn Protein Production 
Plasmid construction for α-syn A85C mutant was performed using polymerase chain reaction (PCR) with the 
following primer: A85C-for AAACAGTGGAGGGATGCGGGAGCATTGC A85C-rev 
TCCCTCCACTGTTTTCTGGGCTACTG. The recombinant protein was expressed in Escherichia coli BL21 (DE3) 
using Studier Medium M87 at 37 °C containing 2 g/L 13C glucose, 3 g/L 15N ammonium chloride, 10 mL/L (15N, 13C) 
BioExpress, 30 μg/mL kanamycin, 10 μg/mL thiamine and 0.1x BME vitamins. The growth continued until OD600 
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reached 1.2 and was then induced with 0.5 mM IPTG. Cells were harvested after incubating for an additional 15 h at 
25 °C.  
A cell pellet from 250 mL of culture was resuspended in 75 mL of lysis buffer (10 mM Tris-HCl, pH 8.0, 1 
mM EDTA, 40 mM NaOH and 0.1% Triton X-100) and incubated at 37 °C for 35 min. The pellet was further incubated 
at 37 °C with shaking at 200 rpm for 1 h after addition of 825 μL of 1 M MgCl2, 825 μL of 1 M CaCl2 and 1000 units 
(5 μL) of TurboNuclease (Accelagen, San Diego, CA). Addition of 750 μL of 0.5 mM EDTA removed the excess 
metal ions. The cell debris was removed by centrifuging at 10,500 g for 20 min. One part of 5 M NaOH was added to 
six parts of the supernatant by volume and the resulting solution was heated for 10 min in boiling water and then 
cooled in an ice bath for 1 h. The precipitate was removed by ultracentrifuging at 125,000g for 2 h. Saturated 
(NH4)2SO4 solution was added slowly to the supernatant to 50% v/v with constant stirring to incipient cloudiness. 
Following overnight incubation at 4 °C with stirring to complete precipitation, the solution was centrifuged at 125,000 
g for 2 h at 4 °C.  
The α-syn pellet was resolubilized in 20 mM Tris, pH 8, filtered through a 0.22 μm filter and incubated with 
20 mM DTT at room temperature for 1 h. This solution was then loaded on a 60 mL anion exchange column (Q 
Sepharose FF, GE Healthcare, Piscataway, NJ) and eluted with a linear gradient of 0-0.8 M NaCl. Fractions containing 
α-syn, which elute around 0.3 M NaCl, were pooled and concentrated using a 3 kDa molecular weight cut-off 
(MWCO) filter in an Amicon stirred cell concentrator (EMD Millipore, Billerica, MA). The concentrated fraction was 
incubated with 20 mM DTT for 1 h at room temperature, filtered again and loaded onto a pre-packed HiPrep 26/60 
Sephacryl S-200 HR gel filtration column (GE Healthcare, Piscataway, NJ) in 100 mM sodium phosphate (pH 7.4), 
0.2 mM EDTA, 0.02% NaN3, 1 mM DTT.  Pooled fractions were diluted by half with MilliQ water and stored at 4 
°C. The yield of purified 13C, 15N uniformly-labeled (UCN) protein was 120 mg/L of growth medium. The protein 
concentration was determined by measuring the A280 using the molar extinction coefficient of 5800 M-1 cm-1 for α-
syn.  
5.4.8. a-syn 19F labeling 
The α-syn protein in PEN buffer (50 mM NaH2PO4, pH 7.4, 0.1 mM EDTA, 0.01% NaN3) and 0.5 mM DTT, 
was concentrated to 6 ml of 0.5 mM α-syn monomer concentration using a stirred cell concentrator, and then incubated 
with 10x molar excess DTT at 42 °C for 1 h. The concentrate was filtered (0.2 μm). BTFA (33 μL) was added to the 
solution to a final concentration of 50 mM with constant stirring at 4 °C. The pH of the solution decreased to 7.1 
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following addition of BTFA. The reaction was continued for 40 min and the pH dropped to 7.0. The solution was 
passed through a PD-10 desalting column (GE Healthcare, Pittsburgh, PA) and pre-equilibrated with PEN buffer, and 
the flow-through was dialyzed with two changes of PEN buffer to remove the oxidized DTT and the excess BTFA. 
The BTFA modified α-syn monomer was stored at 4 °C until further use.  
5.4.9. Characterization of BTFA modified a -syn protein 
Mass Spectrometry. Two samples, monomeric A85C α-syn samples with and without the trifluoroacetonyl (TFA) 
moiety, were prepared for mass spectrometry by diluting 1 mM α-syn monomer in PEN buffer 10-fold in deionized 
water to a final concentration of 100 μM. The concentration of phosphate ions was greatly reduced for non-interference 
in the matrix-assisted laser desorption/ionization (MALDI) technique. The Voyager-DE STR MALDI TOF mass 
spectrometer (Applied Biosystems, Foster City, CA) present in the Mass Spectrometry Facility (School of Chemical 
Sciences, University of Illinois at Urbana-Champaign) was used to collect the spectra. 
Solution NMR. Monomeric α-syn (540 μL of 1 mM in PEN buffer) was mixed with 60 μL of D2O for solution NMR. 
Three such samples were prepared: (1) wild type (WT) α-syn monomer; (2) A85C α-syn mutant without BTFA 
treatment; and (3) A85C α-syn mutant after the BTFA treatment as described above.  
2D SOFAST-HMQC spectra were collected on all the three samples at 4 °C. These experiments were 
conducted on a Varian (formerly of Palo Alto, CA) INOVA 11.7 Tesla (500 MHz 1H frequency) spectrometer using 
a 5 mm triple resonance pulsed field gradient probe and Biopack pulse sequences (VNMRJ2.1B). The direct and 
indirect dimensions were digitized to 1024 and 256 points, respectively. Four scans per t1 increment were collected 
with a recycle delay of 300 ms. 
19F 1D spectra of the BTFA reagent and BTFA modified α-syn monomer were collected at 4 °C on a Varian 
INOVA 11.7 Tesla spectrometer with 5 mm Nalorac QUAD probe. 16 and 1024 scans were collected for the BTFA 
sample and the BTFA modified α-syn sample respectively. The 19F chemical shift was referenced to 5% trifluoroacetic 
acid in D2O in an external coaxial tube.  
5.4.10. a -syn SSNMR Sample Preparation and Data Collection 
Prior to fibrillization, the α-syn monomer was passed through a 50 kDa MWCO filter to remove any 
preformed aggregates. The monomer solution was concentrated to 15 mg/mL in PEN buffer and was fibrillized by 
incubating at 37 °C with 200 rpm shaking for 3 weeks. 5% (v/v) seed of the form described in (PDB: 2N0A)3 was 
added to the monomer prior to the incubation to aid in forming fibrils.  
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The resulting viscous fibril solution was ultracentrifuged at 129,000 g to form a fibril pellet, which was 
washed further with deionized water, dried down under N2 atmosphere, packed into a 1.6 mm FastMAS rotor with 
low 19F-background spacers and caps, and rehydrated with 40% (m/v) water88. 
MAS SSNMR experiments were carried out at 17.6 T (750 MHz 1H frequency) on a Varian/Agilent VNMRS 
spectrometer with a 1.6 mm HFXY FastMAS probe. The spinning was controlled at 16667 ± 10 Hz by a Varian MAS 
controller. The π/2 pulse widths were ~2.2 μs for 1H, ~1.7 μs for 13C, and ~4.5 μs for 19F. Both 13C-13C 2D with SPC-
7 mixing89 and 13C-19F REDOR pulse sequences utilized 1H-13C tangent ramped CP and 100 kHz SPINAL 1H 
decoupling during evolution and acquisition periods. 13C chemical shifts were referenced externally with adamantane. 
The variable temperature gas was maintained at +10 °C for the 13C-13C 2D, 19F 1D, and the REDOR experiments. 
For the 13C-13C SPC-7 spectrum of the WT UCN labeled α-syn sample, the 1H-13C CP contact time was set 
to 1.5 ms. The SPC-7 mixing time was set to 1.2 ms to maximize double quantum filtered (DQF) signal intensity. For 
the BTFA modified A85C UCN labeled α-syn sample, the CP contact time was set to 240 μs to emphasize the signals 
of the rigid fibril core. The SPC-7 mixing time was set to 1.8 ms. Both the spectra were digitized to 512 points in the 
indirect dimension. 
The 19F DP 1D spectrum of BTFA modified α-syn fibril was collected with 512 scans and a recycle delay of 
1.5 s. The 19F transmitter frequency offset was set to -84 ppm. SPINAL 1H decoupling of 60 kHz was used during 
acquisition. 
For the 13C-19F REDOR experiment, alternating S0 and S data sets were collected, with 1024 scans taken per 
FID, and multiple replicate data sets were acquired at each dipolar evolution time, to evaluate the magnitude of drift 
in experimental conditions. A total of 49,152 transients were collected for the S0 and S spectra over 24 h. To increase 
the sensitivity and resolution in the aliphatic (Ca) region, the 13C channel transmitter offset was set to 45 ppm and a 
Gaussian42,84 shaped pulse was set and optimized in the Ca region.  
We measured the 13C T2 for this region of the spectrum and found it to be ~8 ms. To choose conditions of 
maximum dephasing, we considered the combined effect of the T2 relaxation time and the theoretical maximum 
dephasing. 19F π pulses were applied after the acquisition period for S0 spectra to balance the total amount of RF 




5.4.11. Data Processing 
The SOFAST-HMQC solution NMR data and the 13C-13C 2D data were processed using nmrPipe90 with back 
linear prediction and polynomial baseline correction applied to the direct dimension. Lorentzian to Gaussian 
apodization, phase-shifted sine bells and zero filling were applied to both dimensions before Fourier transformation 
and phase correction. 
The 19F 1D solution and all solid-state NMR data were processed in Mnova NMR software (MESTRELAB 
2014). Baseline correction, phasing and peak picking were done during processing. The REDOR data was exported 
in ASCII format using VnmrJ software (Varian, Inc.) and replicate datasets were summed and visualized using a 
custom Matlab script (MATLAB and Statistics Toolbox Release 2015a, The MathWorks, Inc., Natick, Massachusetts, 
United States).  
The simulation of 13C-19F REDOR data was performed using SPINEVOLUTION91 software. Magnetic field 
and spinning parameters used in the simulation were similar to the experimental parameters. 
5.5. Results and Discussion 
5.5.1. Chemical Modification of GB1 and a -syn  
Introduction of a 19F nucleus into proteins can be achieved in at least three ways: first, by biosynthetically 
incorporating the required fluorinated amino acids during the growth of E. coli cells; second, by site-specifically 
incorporating fluorinated amino acids with recombinantly expressed orthogonal amber tRNA/tRNA synthetase pair 
in E. coli; and, third, by site-directed mutagenesis to introduce specific amino acids for biochemical 
modification69,92,93. The yield of the first two approaches is limited by toxicity of the fluorinated amino acids92. Thus, 
we decided to utilize the third approach for GB1 and a-syn, where we introduced a unique cysteine residue within the 
core of GB1 and α-syn, and then performed thioalkylation with BTFA to incorporate a CF3 group (Fig. 5.1). This 
reaction has been carried out previously for 19F labeling of proteins like hemoglobin94, diacylglycerol kinase95 and G-
actin26. We initially tried using trifloroethanethiol (TFET) as the fluorinating reagent66, but the reaction was 
unsuccessful, due to spontaneous reduction of the disulfide bond formed in the product, even when no reducing agent 
was present in the medium, consistent with prior observations95.  In particular, for production of fibrils during several 
days of incubation at 37 °C with shaking, it is essential that the fluorinated product have high chemical stability.  
 Therefore, we turned our attention to BTFA as the reagent, since it forms a stable covalent C-S bond in the 
product instead of a reducible S-S bond. The reaction is straightforward and efficient, and the major factors affecting 
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it are temperature, pH and duration of the reaction, especially for the a-syn monomer. The temperature was maintained 
at 4 °C to reduce aggregation of the α-syn monomer. The pH of the reaction buffer was kept very close to 7, to ensure 
a significant population (~10%) of the anionic form of cysteine (pKa of cysteine side chain = 8.2 ± 0.2)96 while 
maintaining conditions in which α-syn has minimal aggregation propensity. The reaction was performed in the 
presence of DTT to ensure that the cysteine residue remained in the reduced form. Even though unused DTT itself 
reacts with BTFA, presence of 100x molar excess BTFA ensured that the reaction of α-syn with BTFA goes to 
completion. BTFA can decompose slowly to various fluorinated species in aqueous media94. Hence, immediately after 
the reaction was complete, the reaction mixture was run through a PD10 desalting column to remove the oxidized 
DTT and excess BTFA.  Extensive dialysis was then continued for two days to remove the remaining excess small 
molecules.  
Fig. 5.1: A schematic diagram showing in (a), the mutation of N8 to C8 and the chemical modification of the thiol moiety (-SH 
shown in yellow) of C8 in uniformly 15N labeled (UN) N8C GB1 mutant with 1,1,1-trifluoro-3-bromoacetone (BTFA) in PBS 
Buffer (200 mM NaCl, 50 mM KH2PO4/K2HPO4, pH 7) and DTT at 4 C, and in (b), the mutation of A85 to C85 and chemical 
modification of the thiol moiety (-SH shown in yellow) of C85 in
 13C, 15N uniformly labeled (UCN) A85C a-synuclein (α-syn) 
mutant with 1,1,1-trifluoro-3-bromoacetone (BTFA) in PEN Buffer (50 mM NaH2PO4, pH 7.4, 0.01% NaN3, 0.1 mM EDTA) at 4 
°C. A stable covalent C-S bond is formed in the product, with the Br− leaving, and the CF3COCH2- (TFA) moiety becoming attached 
to the C85 residue of the fibril. The 19F atoms have been illustrated α-syn green spheres 
 
 113 
5.5.2. Confirmation and Efficiency of 19F labeling in GB1
 
1H-15N sofast HMQC spectrum illustrates no structural perturbation and successful labeling of GB1. The 1H-15N 
HMQC spectrum for WT GB1 monomer in solution is shown in red in Fig. 5.2 (a) and it is compared to the spectrum 
for N8C GB1 in black. As expected, the N8 peak is missing at 127 ppm (15N resonance) and 8.9 ppm (1H resonance) 
in black, and instead the C8 peak is present at 128 ppm and 9 ppm in red. A few other residues also show chemical 
shift perturbation (CSP), for e.g. L7, G9, G14, E15, T55 and E56. N8 residue is on b1-strand, G14, E15 are on b2 
strand, and T55 and E56 are on b4 strand which is a neighboring strand to b1. In the tertiary structure of GB1, it makes 
sense for the above-mentioned residues to show small perturbations due to the mutated cysteine residue. Fig. 5.2(b) 
illustrates the HMQC spectra for N8C GB1 in black and N8C GB1 with covalently attached BTFA in red. In this 
comparison also, we see some CSP of residues structurally close to C8. For example, L7, C8, T53 and E56 show CSP 
in both 15N and 1H dimension. The HMQC spectra validates the fact that the tertiary fold of GB1 monomer is 
maintained in solution after mutation of N8 to C8 (Fig. 5.2a) and covalent attachment of BTFA to C8 thiol group (Fig. 
5.2b).  
The N8C region of the HMQC spectra is magnified in Fig. 5.3(a), where the WT GB1 spectrum is shown in 
black, N8C GB1 spectrum in blue and BTFA modified N8C GB1 in red. The I6 residue, being the (i-2)th residue, 
Fig. 5.2: 1H-15N SO-FAST HMQC spectra of (a) wild-type (WT) uniformly-15N-labeled (UN) GB1 in PBS buffer in red and 
UN N8C GB1 mutant in PBS Buffer in black and (b) UN N8C GB1 mutant in PBS Buffer in black and BTFA modified UN 
N8C GB1 mutant in PBS Buffer in red. The spectra are collected on a 750 MHz 1H frequency spectrometer. All the residues 
have been labeled in either of the three spectra 
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doesn’t show a significant CSP. The (i-1)th residue, L7 shows CSP in both N8C spectrum and BTFA tagged GB1 
spectrum. The C8 peak show significant perturbation on being tagged to BTFA, which is expected due to change in 
the electronic environment. Another point to note is that there is no peak in red at the actual C8 resonance (15N at 128 
ppm and 1H at 9 ppm). This demonstrates that the BTFA ligation reaction goes to completion and there is no unbound 
thiol group of C8 left in the BTFA tagged GB1 sample. The CSP in both 15N (blue) and 1H (red) is further quantified 
in Fig. 5.3(b) between the N8C GB1 and N8C GB1 covalently modified with BTFA sample. The 15N chemical shift 
show perturbations of up to 0.55 ppm in C8 residue. The neighboring I6, L7 and G9 residues show perturbation of 
~0.2 ppm in 15N resonance. Another set of residues showing 15N CSP of about ~0.2-0.3 ppm is T53-E56. As mentioned 
Fig. 5.3: (a) Magnification of the SO-FAST HMQC spectra to illustrate the I6, L7 and N8C residues. WT UN GB1 spectrum 
is in black, N8C UN GB1 spectrum is in blue and BTFA modified N8C UN GB1 spectrum is in red. (b) A plot of chemical 
shift perturbations (CSP) versus the residue number between the N8C UN GB1 mutant and BTFA modified N8C UN GB1 
mutant. The blue bars represent the backbone 15N chemical shifts and the red bars represent the backbone amide 1H chemical 
shifts 
Fig. 5.4. (a) 15N cross-polarization 1D spectrum of BTFA modified N8C UN-labeled GB1 microcrystals. The spectrum is 
processed with 1Hz of line broadening. (b) The 19F direct polarization 1D spectrum of BTFA modified N8C UN-labeled GB1 
microcrsytals. The spectrum is processed with 1 ppm of line broadening 
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previously, since these residues on b4-strand are close to the C8 residue in the tertiary structure of GB1, they show 
CSP. The 1H CSP follow a similar trend, although they are much smaller (<0.1 ppm) than 15N values.  
Solid-state NMR demonstrates the presence of the BTFA tagged GB1 microcrystal in one state. After we confirmed 
minimal structural perturbation in BTFA modified GB1 monomer, we crystallized the protein and packed it in a 
SSNMR rotor. Fig. 5.4 illustrates the 15N CP 1D (a) and 19F DP 1D (b) for BTFA modified N8C GB1 crystal. The 
resolution of the 15N dimension in Fig. 5.4(a) is remarkable (20 Hz line width for resolved peaks when processed with 
1 Hz line broadening).  With this 15N 
linewidth, we can resolve most of the peaks in 
the 1D only. This is advantageous since we 
would not particularly require higher 
dimensional spectra of GB1 to enhance 
resolution, since they lead to decreased 
sensitivity and increased experimental time. 
The 19F 1D in Fig. 5.4(b) illustrates one peak 
for the one CF3 moiety in BTFA covalently 
tagged to GB1 monomer at -84.7 ppm. The 
spinning sidebands for this peak are present at 
-61 ppm and -109 ppm. The spectrum does not 
have any other peak which further validates 
the fact that there is no unreacted BTFA 
reagent left in the GB1 crystalline sample and 
the covalent modification takes place at only 
one position.  
 Fig. 5.5 demonstrates the 15N-15N 2D 
(a) and the 15N-13Ca 2D (b) spectra collected 
on U-15N N8C GB1 modified with BTFA 
sample. These spectra can be deemed as 
fingerprint spectra for determining the 15N and 
Fig. 5.5: SSNMR two-dimensional (2D) spectrum collected on BTFA 
modified N8C UN labeled GB1 microcrystals. (a) 15N-15N 2D with 18 ms 
PAR mixing illustrating all the interactions between neighbouring residues 
and tertiary contacts in GB1, and (b) 15N-13Ca 2D for identifying the 
backbone atom in each residue of GB1. The spectra are collected on a 750 
MHz 1H spectrometer with 22.222 kHz MAS and at 0 C   
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13C resonances in the BTFA modified sample. We could identify most of the residues present in GB1 with no or 
minimum perturbation in their chemical shifts, further confirming the lack of structure perturbation due to BTFA 
modification. The N8 peak is absent in these spectra, confirming cysteine mutagenesis. The assignment confirmation 
of all the residues in GB1 in these two spectra are still ongoing. 
5.5.3. BTFA Shows High 19F Labeling Efficiency and Causes Minimal Structural Perturbation in α-syn Monomer 
and Fibril 
19F Solution NMR confirms the labeling 
The 19F 1D spectrum of BTFA modified α-syn monomer in 90% PEN buffer and 10% D2O has a peak at -
85.3 ppm (Fig. 5.6a bottom panel), referenced externally to 5% trifluoroacetic acid in D2O at -76.5 ppm97. This 
chemical shift differs from the 19F chemical shift of 0.1% BTFA in 90% PEN buffer, 10% D2O, which is -84.4 ppm 
(Fig. 5.6a top panel). No peak for the BTFA reagent is present in the BTFA modified α-syn spectrum, indicating that 
the long dialysis procedure was successful in removing all the excess small molecules like BTFA and DTT. Since 
there is only one unique cysteine residue in the monomer, we were expecting a single site modification with BTFA. 
Fig. 5.6: 19F solution NMR spectra and matrix-assisted laser-desorption and ionization time-of-flight (MALDI-TOF) 
mass spectra illustrating the labeling efficiency of UCN labeled A85C α-syn monomer with BTFA. (a) 19F solution 
spectra collected on the 500 MHz (1H frequency) spectrometer at 4 °C. The top panel shows the 19F peak at -84.4 
ppm for the BTFA reagent in 90% PEN buffer and 10% D2O and the bottom panel shows the 19F peak at -85.3 ppm 
for the BTFA modified α-syn monomer in 90% PEN buffer and 10% D2O. The peaks are referenced to 5% 
trifluoroacetic acid in D2O externally.  (b) Mass spectra of the UCN A85C α-syn monomer before (top panel) and 
after (bottom panel) BTFA modification. The insets show the expanded region around the peaks observed at Z=1 
and Z=2. The matching of the mass difference of 113 units for Z=1 peak before and after modification with BTFA 
with the calculated mass of CF3COCH2- moiety (111 units) within error, and the presence of no peak with 15277 
Da mass in the bottom panel confirms the high 19F labeling efficiency 
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Presence of only one 19F peak in the bottom panel corresponding to one CF3 moiety confirms the expectation. A minor 
peak present downfield at -84.1 ppm in the BTFA reagent spectrum may indicate the presence of 3-hydroxy-1,1,1-
trifluoroacetone, a hydrolyzed product of BTFA98. 
Mass spectrometry indicates high efficiency of labeling 
The MALDI spectrum of the U-CN labeled A85C α-syn mutant (Fig. 5.6b top panel) shows a Z=1 peak at 
15277 Da, which corresponds well to the mass of the U-CN labeled α-syn cysteine mutant (calculated molecular 
weight = 15285 Da).  The difference of 8 units in the molecular weight can be attributed to the incomplete 13C and 
15N isotopic labeling during growth. In the inset for the Z=1 peak, other peaks at m/z difference of 21-22 units are 
present; these peaks represent the Na+ adducts of the protein. There is a peak at 7640 Da corresponding to the Z=2 
species. The MALDI spectrum collected after the BTFA modification (Fig. 5.6b bottom panel) shows a major peak at 
15390 Da for Z=1 species. The mass difference in the α-syn monomer before and after the reaction is 113 units, which 
corresponds to the TFA moiety theoretical mass of 111 units within the error of ± 2 units. There is no peak at 15277 
Da in the spectrum collected after the completion of the reaction (Fig. 5.6b bottom panel), thereby indicating that the 
labeling efficiency of BTFA is very high. Since the MALDI spectrum was not quantitative, we have used NMR for 
quantification purposes, as described in the next sections.  
1H- 15N sofast HMQC spectrum shows the characteristic disordered nature of α-syn in its monomeric state, before 
and after 19F labeling 
In Fig. 5.7a, the WT α-syn spectrum is shown with some of the assigned peaks for residues 75-95. These 
chemical shifts agree well with those of the α-syn monomer reported in a previous study99. In Fig. 5.7b, the A85C 
mutant α-syn monomer spectrum shows the same low chemical shift dispersion as WT, characteristic of a disordered 
state. All the chemical shifts are similar to the WT α-syn chemical shifts, except the A85 15N-1H and the G86 15N-1H 
peaks (indicated by solid circles corresponding to the WT peaks not observed for the mutant). The A85 peak is not 
present, indicating that the cysteine mutagenesis was successful, and the chemical shift of G86 has been perturbed and 
may be the new peak with 15N chemical shift of 111.9 ppm and 1H chemical shift of 8.7 ppm (indicated by a dashed 
circle). The spectrum in Fig. 5.7c represents the BTFA modified α-syn monomer. All the N-H chemical shifts match 
with the corresponding chemical shifts of the A85C α-syn spectrum in both dimensions, except the G84 peak that 
shows perturbation (shown by dotted circle). The G86 peak is already shifted in the spectrum of A85C mutant prior 
to 19F labeling, and neither resolved in this spectrum nor in the spectrum of the BTFA-modified monomer. The new 
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peak observed for the A85C mutant is also not observed in this spectrum, indicating that it is perturbed and not well 
resolved. All these observations agree with the expectation that modification with a small moiety like TFA only 
perturbs the local region, but do not show any long-range perturbation of the protein structure.  
Fig. 5.7: 1H-15N sofast heteronuclear multiple quantum correlation (sofast HMQC) spectra of 13C, 15N labeled a-synuclein (AS) 
monomer collected on a 500 MHz 1H frequency spectrometer at 4 °C. (a) Spectrum of wild type (WT) AS monomer in 90% PEN 
(50 mM NaH2PO4, pH 7.4, 0.01% NaN3, 0.1 mM EDTA) buffer and 10% D2O. The chemical shifts assigned here agree well with 
the chemical shifts assigned in Eliezer et al. 2001. Few of the N-H peaks (residues 75-95) have been labeled. (b) Spectrum of A85C 
AS mutant in 90% PEN buffer and 10% D2O. A85 N-H peak is missing, and G86 N-H peak is perturbed (shown by solid black 
circles). A new unassigned peak is shown with dashed circle. (c) Spectrum of BTFA modified A85C AS mutant in 90% PEN buffer 
and 10% D2O. G84 N-H peak (dotted circle) shows perturbation after modification 
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Solid-state NMR shows that BTFA modification does not alter the structure of the fibril when incorporated at a loop 
position [PDB code:2N0A]  
Fig. 5.8:  13C-13C two-dimensional (2D) spectra showing one-bond correlation and 19F direct polarization spectrum illustrating the 
minimal structural perturbation caused by BTFA modification of UCN labeled A85C α-syn fibril and quantitative nature of 19F 
labeling. (a) Aliphatic and carbonyl region of 13C-13C 2D spectra of UCN labeled wild type α-syn fibril (black) and BTFA modified 
A85C α-syn fibril (red) acquired with SPC-7 mixing on a 750 MHz (1H frequency) spectrometer with 16,667 Hz magic angle 
spinning (MAS) rate at 10 °C. The spectrum is processed with 50 Hz of Lorentzian to Gaussian line broadening in both direct and 
indirect dimensions. Absence of A85 Ca-Cb and  Ca-C’ peaks in red indicates successful cysteine mutagenesis and overall black 
and red spectral similarity indicates retention of fibril fold [PDB code: 2N0A] even after modification with BTFA (b) An expanded 
region around the Alanine Ca-Cb region. (c) 19F direct polarization spectrum of BTFA modified α-syn fibril collected on a 750 
MHz (1H frequency) spectrometer with 16,667 Hz MAS rate at 10 °C. Spinning sidebands are marked with *. Quantitative analysis 
with the 19F peak integral value leads to the result of 80 ± 20% labeling efficiency of BTFA on α-syn fibril 
After confirming the cysteine mutation and BTFA modification in the α-syn monomer, we fibrillized and 
packed the BTFA modified α-syn sample. The polymorph form of the fibril was validated by a 13C-13C 2D spectrum 
with SPC-7 mixing scheme. This spectrum (red) showing one bond correlations was compared to a spectrum (black) 
of the WT UCN labeled α-syn fibril3 [BMRB Code: 25518], collected under the same magnetic field, spinning speed 
and similar SPC-7 mixing time (Fig. 5.8a). The residues between 80 and 90 have been assigned in Fig. 5.8a-c. The 
A85 Ca-Cb and Ca-C’ peaks are absent in red, confirming cysteine mutagenesis. Furthermore, all the other peaks in 
the red spectrum overlay with the peaks in the black spectrum, showing that the Greek key motif of the fibril core is 
conserved even after modification with BTFA. This validates the use of BTFA as a small structural probe for amyloid 
fibrils. Fig. 5.8b shows an expanded region around A85 Ca-Cb. There are more peaks in the spectrum in black than 
the spectrum in red; these peaks have been reported in a previous study88, but they could not be assigned because they 
do not show any connectivity to the nearby residues in the 3D spectra used for assignments. This indicates that they 
are not present in the rigid structured core, but in the dynamic terminal region. These peaks are not observed in a 13C-
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13C 2D spectrum (as shown in the red spectrum), likely due to differences in the sample hydration or in the setup of 
the experiments, like CP conditions. 
19F 1D spectrum verifies high labeling efficiency 
The DP 19F 1D spectrum of the BTFA modified α-syn fibril (Fig. 5.8c) has one peak for the CF3 moiety at -
84.9 ppm, referenced indirectly to neat TFA (dF = -78.5 ppm) on the DSS scale100. By comparing the area under the 
CF3 peak in BTFA with the area under the CF3 peak in the 19F DP 1D spectrum (Fig. 5.9a) of a standard crystalline 
compound, 2-Fluoro-6-trifluoromethylphenylacetic acid (Sigma-Aldrich, St. Louis, MO), we quantitatively 
determined that around 126 nmol (±10%) of TFA moiety was present in the rotor. For 13C intensity comparison, a 
20% UCN labeled N-acetyl-L-valine (NAV) diluted in N.A. NAV sample was prepared. From the 13C 1D spectrum 
of NAV (Fig. 5.9b) and 13C 1D DP spectrum of BTFA modified α-syn sample (Fig. 5.9c), we determined around 160 
nmol (±10%) of α-syn to be present. This shows a labeling efficiency of 80 ± 20%. The major source of uncertainty 
is the error of the total mass of the samples (±0.2 mg) that have been packed in the FastMAS rotors.  
5.5.4. 13C-19F REDOR Effects in Standard Small Molecules 
 The purpose of introducing 19F label in the proteins is to determine unique and quantitative distances within 
the protein or between proteins and small molecules. REDOR is an excellent technique for determining such distances. 
Fig. 5.9: DP 1D spectra (collected on 750 MHz spectrometer with 16667 Hz MAS rate and 10 °C temperature) of various 
standard compounds and BTFA modified AS to quantify the labeling efficiency of BTFA on AS fibril (a) 19F spectrum of 2-
fluoro-6-trifluoromethylphenylacetic acid. The spectrum was collected over 128 scans with recycle delay of 5 s. The peaks are 
referenced indirectly to neat TFA (-78.5 ppm) on DSS scale. The center peak has been assigned in the spectrum from both CF3 
and F. Asterisk denotes the spinning sidebands of the peak corresponding to CF3 group, and solid triangle denotes the spinning 
sidebands of the peak corresponding to F. (b) 13C spectrum of 20% diluted N-acteyl-L-valine (NAV). The spectrum was 
collected with 16 scans and 6 s recycle delay. (c) 13C spectrum of BTFA modified UCN labeled AS fibril. The spectrum was 
collected with 6.5 s of recycle delay and 128 scans. Both (b) and (c) spectra were referenced externally to adamantane 
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Before applying REDOR to fairly sized proteins, we wanted to calibrate its performance in 19F-labeled small 
molecules. Fig. 5.10 demonstrates the application of 13C-19F REDOR in two commercially available and two 
synthesized 19F-labeled small molecules. Fig. 5.10a presents the experimental (in black) 13C-19F REDOR curve (S/S0 
over dephasing time) for the C8 atom in commercially available 6-FG molecule (structure shown in inset of Fig. 
5.10a). The curve overlay very well with a simulated curve (in red) for 13C-19F spin pair with 2.37 Å distance between 
them. Fig. 5.10b displays the 13C-19F REDOR curve (S/S0 over dephasing time) for the spin pair of 19F and 13C of the 
Fig. 5.10: 13C-19F REDOR experiments on 750 MHz 1H frequency instrument and at 16.667 kHz MAS on standard small 
molecules like (a) natural abundance (N.A) 6-Fluorogramine (6-FG); (b) 19F-labeled Pittsburgh Compound B 
(Flutemetamol) (19F-PiB); (c-d) trifluoroacetyl valine (TFA-Valine); (e-f) N.A. diflunisal. All the experimental REDOR 
curves are shown in black. In (a) the simulated REDOR curve for 13C-19F distance of 2.37 Å is shown in red. The schematic 
of the molecules (2D or 3D represenatations) are shown in the inset of each lot. The 13C-19F pair being investigated in each 
block is shown with a dotted line 
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methyl group attached to the secondary amine in the 19F-PiB molecule. The next two 13C-19F REDOR curves (Fig. 
5.10c-d) demonstrate the REDOR effects between the CF3 moiety and the 13C’ and 13CH3 in uniformly 13C,15N-labeled 
TFA-Valine respectively. In this synthesized molecule, the REDOR curves correspond to 13C-19F distances between 
2.5- 3 Å. The last two 13C-19F REDOR curves (Fig. 5.10e-f) correspond to 13C-19F spin pairs in a commercially 
available diflunisal molecule. Diflunisal (structure shown in Fig. 5.10e-f) contains two aromatic 19F atoms. The first 
REDOR curve (Fig. 5.10e) illustrates the distance between a carbon atom closer to the two 19F atoms, and the second 
REDOR curve (Fig. 5.10f) illustrated the distance between a carbon atom that is further away from the two 19F atoms. 
As expected, the S//S0 dephases more rapidly in the 1st case than the 2nd one.  
5.5.5. Application of BTFA Labeling — determination of 15N-19F distances in crystalline U-15N labeled GB1 sample 
with REDOR  
 Once we have established the presence of 13C-19F REDOR effects in small molecules and calibrated it in the 
case of 6-FG molecule, we moved on to perform 15N-19F REDOR in the uniformly-15N-labeled BTFA modified GB1 
sample. Fig. 5.11(a) displays the S0-S REDOR 1D plot. The residues whose backbone 15N atom is close to the CF3 
moiety will show REDOR effects and have been labeled in the plot. The 15N atom of these residues showing dephasing 
are further labeled on the GB1 structure (PDB: 2QMT)101 in blue in Fig. 5.11(b). The C8 backbone 15N atom is labeled 
Fig. 5.11: Analysis of 13C-19F REDOR experiments on BTFA modified UN-labeled N8C GB1 microcrystals collected on a 750 
MHz 1H frequency spectrometer with 16.667 kHz MAS and at 0 C. (a) Plot of REDOR effects (S0-S) vs 15N chemical shifts. 
The residues who have chemical shifts in that region are labeled. (b) Schematic representation of GB1 (PDB: 2QMT) with the 
backbone 15N atoms in blue for the residues which show REDOR effects in (a) and the C8 15N atom labeled in red 
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in red. The point to note here is that the residues showing dephasing are all close tertiary contacts to the CF3 moiety 
of the BTFA reagent tagged to the C8 residue.  
5.5.6. Application of BTFA Labeling – Determination of Long Range 13C-19F Distances in α-syn Fibril using 
REDOR Pulse Sequence 
The major goal of introducing a small molecule into the fibril structure framework is to determine intra- or 
inter-molecular distance restraints to facilitate the structure optimization or binding mode investigation. Incorporating 
19F provides the additional advantage of larger dipolar couplings between 19F and another nucleus, preferably 15N or 
13C in a protein, due to the higher g of 19F. Hence, the presence of 19F nucleus enables long-range distance 
measurements. A CF3 moiety will be more beneficial since it will show higher REDOR dephasing due to the presence 
of three 19F nuclei102. In α-syn fibril, incorporation of a CF3 moiety within the core serves a two-fold purpose: 
optimization of 13C-19F distance measurement in small molecule covalently attached to α-syn fibril, and establishment 
of standard 13C-19F distance determination for fluorinated lead compounds interacting non-covalently with α-syn fibril. 
The 13C-19F REDOR experiment was performed with a soft pulse to select the glycine Ca region (13C 
transmitter frequency offset at 45 ppm) at 10˚ C. We detected REDOR dephasing (DS/S0) of 5.6 ± 0.3% and 5.1 ± 
0.5% at 45 ppm and 46.7 ppm, respectively., Both the S0 and S spectra are shown in Fig. 5.12a and the dephasing can 
be clearly observed at certain regions of the spectra. The dephased regions become clearer in the difference spectrum 
(ΔS) as displayed in in the lower part of Fig. 5.12a. Since the dephasing is still in the initial rate regime, it is not greatly 
affected by factors like rf inhomogeneity, finite pulse width103, etc. These REDOR dephasing peaks have chemical 
shifts matching to the G84 Ca and G86 Ca peaks of α-syn fibril, respectively [BMRB code: 16939]88. From the S/S0 
intensity at each region, the dipolar coupling between the three 19F nuclei and the 13C nucleus can be determined using 
the following equations 
.
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Here, D is the heteronuclear dipolar coupling in Hertz and N;, is the total REDOR dephasing time (;, is one rotor 
period). ? is the polar angle and @ is the azimuthal angle in the rotating frame which defines the orientation of the 
vector between the two spins. To determine the inter-nuclear distance from the dipolar coupling D, the following 
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where CD is the permeability of vacuum, E. and EF are the gyromagnetic ratios of the two coupled spins,	ℏ is Planck’s 
constant divided by 2G and r is the inter-nuclear distance. We considered the center of mass of the three 19F atoms to 
calculate the 13C-19F separations.  
For G84 Ca-19F spin pair, the experimental dipolar coupling is 40 ± 1 Hz, and for G86 Ca-19F spin pair, the 
experimental dipolar coupling is 38 ± 2 Hz. A model of α-syn fibril with the TFA moiety having librational motion104 
can explain these dipolar couplings, as shown in Fig. 5.12b-c. If we assume that the librational motion is occurring 
over the surface of a cone, then according to a simple two-site hopping model, for G84, the nearest point of the CF3 
group on the cone to the Ca atom has a distance of 8.4 Å, whereas the farthest point has a separation of 9 Å. Similarly, 
Fig. 5.12: Analysis of 13C{19F} REDOR data in BTFA modified UCN labeled A85C α-syn fibril and subsequent determination 
of intra-molecular 13C-19F distances in the fibril. (a) 13C{19F} REDOR spectra with 11 ms dipolar evolution time of BTFA 
modified α-syn fibril, collected on a 750 MHz (1H frequency) spectrometer with MAS of 16,667 Hz at 10 °C. 13C spectra 
collected without (red) and with (black) 19F pulses are shown in the top panel and the difference spectrum showing the major 
dephased peaks corresponding to G86Ca and G84Ca chemical shifts in α-syn fibril is shown in the bottom panel with 20x 
magnification. This data was collected over 24 h (49152 transients). (b) A model of BTFA modified α-syn fibril illustrating 
the trifluoroacetonyl (TFA) moiety orientation with respect to the fibril backbone. CF3 group has been shown as a C-F bond, 
where the 19F atom (depicted as a green sphere) is at the center of mass of the three 19F atoms. (c) A cartoon representation of 
the librational motion of the TFA moiety (black dotted cone). A two-site hopping model has been used to determine the 
distances (solid grey lines) of G84 and G86 Ca atoms from the 19F atom 
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for G86 Ca, the nearest point will be 8.7 Å and the farthest point will be 9.3 Å. If we back-calculate the dipolar 








-	)                                                                                                               (5.4) 
then for G84 Ca-19F spin pair, it is 41.4 Hz, and for G86Ca-19F spin pair, it is 38.6 Hz. They agree well with the 
experimental dipolar couplings determined by our REDOR measurement within the error range.  
The other minor DS peaks at 41.6 ppm, 53.5 ppm and 49.4 ppm in Fig. 5.12a cannot be explained by the 
chemical shifts for the fibril core88. They may be present in the dynamic terminal regions of the fibril, which have not 
been assigned yet3.  
Since a 1D 13C spectrum of a UCN labeled α-syn fibril is not well resolved, the next step would be to improve 
the resolution in the REDOR dephasing regions in two ways; sparse/selective labeling of the α-syn fibril and 
implementation of a pseudo three dimensional REDOR pulse sequence, like 1H-detected FSR105 (shown in previous 
chapters) or FRESH spectroscopy106 which utilizes 15N-13C/13C-13C/15N-15N correlation to reach better resolution and 
has the 19F dipolar evolution as the third dimension to detect REDOR dephasing curves.  
5.6. Conclusions 
We have developed a new protocol for 19F labeling of GB1 microcrystalline protein and amyloid fibrils by a 
combination of biosynthesis and chemical modification. It includes production of the protein through expression in E. 
coli, using a plasmid construct for the desired cysteine mutant. The cysteine mutagenesis step is not required if the 
protein already has cysteine residues. Since cysteine is a rare amino acid, they can be site specifically labeled in the 
protein. The purified protein can then undergo modification at the cysteine residue by a 19F (in CF3) containing reagent, 
BTFA to form a thioether linkage. The formed product is stable and does not degrade for several days. 
The GB1 protein tertiary structure is preserved after the mutation and tagging of BTFA. This is validated by 
minimum overall structural perturbation between WT, N8C and BTFA tagged N8C GB1 protein with solution NMR. 
After forming microcrystals of GB1, the structure is still preserved and in one state as demonstrated by SSNMR. The 
19F probe in the protein can be utilized to obtain 15N-19F distances in a uniformly 15N-labeled protein. 
 Upon formation of fibrils, in the case of α-syn, the rigid and highly structured core of the fibril is not affected 
by the presence of a small moiety like TFA and hence the moiety can be used to detect 13C/15N-19F long-range distance 
restraints. This approach has yielded a 19F labeling efficiency of 80 ± 20% for α-syn as determined quantitatively by 
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NMR. This opens up opportunities for exploration of fibrils using a 19F probe. The high incorporation of 19F into fibrils 
enables us to determine tertiary structures and to elucidate the binding interactions of small molecule ligands through 
distance measurements. In addition, it can also facilitate the determination of 19F-19F homonuclear dipolar interactions. 
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Towards Detection of Longest Distances in Biomolecules and Complexes with Solid-State 
NMR:  1H -19F REDOR 
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6.2. Abstract 
 Solid-state NMR (SSNMR) provides the perfect basis for structure determination of biomolecules and their 
complexes by determination of precise, un-ambiguous and quantitative long-range distances between two spins. The 
distances within or between two biomolecules can be as short as 2 Å and can be as long as in the nm-range. Measuring 
precise nm-range distances is tricky with SSNMR and can only be done with a technique called rotational echo double 
resonance (REDOR). However, distances only up to 10-12 Å have been measured accurately with REDOR till now 
due to restrictions in pulse sequences and hardware. To measure long range distances between two spins with REDOR, 
the spins need to have high gyromagnetic ratio like 1H and 19F. In this chapter, we have shown measurement of 
distances up to 17 Å between backbone amide and sidechain amino 1H and 19F atom present in a CF3 group covalently 
tagged to a mutated cysteine residue in uniformly 13C, 2H, 15N labeled a-synuclein fibril, back-exchanged to 10% 1H, 
utilizing pulse sequences and isotopic labeling techniques developed in the previous chapters. This study will lead to 
determination of some of the longest distances feasible via SSNMR in biomolecules and their complexes. 
6.3. Introduction  
 Biomolecules like proteins and their complexes have integral functions to perform in the nature, and these 
functions are related to their tertiary or quaternary structures. Solid-state NMR (SSNMR) spectroscopy is a fine 
technique to elucidate these structures of proteins and their complexes with no inherent size or solubility restrictions1-
15. Thereby, SSNMR is utilized to probe biomolecular complexes or large protein domains and insoluble systems like 
amyloid fibrils16–20 and membrane proteins21. Measuring quantitative distances between two similar or different spins 
within the protein or its complex is the key to establish the structures. Rotational echo double resonance (REDOR)22–
27 is a very popular technique in SSNMR that measures precise and quantitative dipolar coupling, and hence distance 
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between two heteronuclear spins within or between two molecules. It has been extensively used to characterize 
biomolecules like proteins, lipids, RNA and their complexes with small molecules, antibodies, and other 
biomolecules26,28-47. In a protein complex, usually, one of the spins (13C or 15N) is on the protein, and the other spin 
(31P or 19F) is on the other protein, lipid or small molecule. A rigorous understanding of the REDOR technique will 
be crucial in advancing the technique further for better sensitivity, resolution and measurement of longer-range 
distances. 
 The dipolar coupling between the two spins is directly proportional to the gyromagnetic ratio (g) of the two 
spins and inversely proportional to the cube of the distance between them. Hence, larger the g value of the spins, longer 
is the measurable distance by REDOR. Theoretically, 1H-19F spin pair48 will provide the longest measurable distance 
by REDOR, followed by 1H-31P and 1H-13C. Utilizing 1H as one of the REDOR spins and as a detected spin provides 
the added advantage of increased sensitivity and reduced experimental time49–53. Usually, 1H-detection is tricky due 
to the broadening of SSNMR peaks by the presence of large 1H-1H dipolar couplings. 1H-detection has been made 
feasible in the last couple of decades in SSNMR by advancement of (ultra) fast MAS techniques (30-110 kHz)54 and 
perdeuteration of biomolecules54,55. Perdeuterating a biomolecule reduces the 1H spin network, thereby enhancing the 
spin-spin relaxation time (T2) for 1H as the detected nucleus49,56. We have shown the benefits of combining 1H-
detection and REDOR technique previously56. 
 Further increment in the distance can be brought by utilizing 19F as the other spin for REDOR. 19F has 
multiple advantages as an NMR nucleus and also used widely in the drug or small molecule industry. 19F nucleus is 
100% naturally abundant, has no background signal in an NMR spectrum, has large chemical shift dispersions and 
large dipolar couplings due to higher g26,57. The large dipolar coupling is beneficial for long-range distance 
measurement. In the drug industry, many small molecules are fluorinated because of its various physicochemical 
properties58. The lipophilicity and the basicity of the drug or small molecule can be modulated by the high 
electronegativity and electron withdrawing effect of the 19F containing group. Since 19F is similar in size to 1H, 
fluorination does not generally affect the molecular conformation. The C-F bond in the small molecule forms a 
favorable orthogonal interaction with C-O bond in the biomolecule58,59. A few fluorinated drugs have already been 
manufactured, like efavirenz (HIV antiviral), taxol (anticancer), fluorinated shikimic acids (antibacterial), sitagliptin 
(antidiabetic for type 2 diabetes), etc58. Fluorinated (18F isotope) small molecules are also suitable for positron 
emission tomography (PET). For neurodegenerative disease like Parkinson’s disease (PD), fluorinated small molecule 
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ligands are being tested for their binding affinity to a-syn fibrils present in the plaques of the diseased brain60. 
Understanding the binding interactions of the fluorinated small molecules with the biomolecules at the molecular level 
will open up avenues for improved ligands based on structure-activity relationships61.  
 In this chapter, we have demonstrated the measurement of 1H-19F distances at fast MAS for the first time in 
a fluorinated and deuterated amyloid fibril. 19F-labeled fibrils are essential for measurement of long-range 13C-19F/1H-
19F distances. These distance restraints are useful for biomolecular structure determination and binding mode 
determination between fluorinated fibrils and non-fluorinated small molecules. Furthermore, they act as the standard 
REDOR distances for fluorinated small molecules bound non-covalently to amyloid fibrils. The 1H-detected REDOR 
pulse sequence developed in the previous chapters have been utilized here to obtain quantitative 1H-19F distances of 
up to 17 Å between the 19F atoms of the CF3 moiety chemically tagged to the amyloid fibril and the nearby backbone 
amide or sidechain amino 1H. 
6.4. Materials and Methods  
6.4.1. Uniformly 13C, 2H, 15N-Labeled (U-CDN) A85C a-syn Monomer Production 
Plasmid construction for α-syn A85C mutant was performed using polymerase chain reaction (PCR) with the 
following primer: A85C-for AAACAGTGGAGGGATGCGGGAGCATTGC A85C-rev 
TCCCTCCACTGTTTTCTGGGCTACTG. The recombinant protein was expressed in Escherichia coli BL21 (DE3) 
using High Density (HD) Medium62 containing HD salts (50 mM Na2HPO4, 25 mM KH2PO4 and 10 mM NaCl in 
D2O, pD=8), 5 mM MgSO4 from D2O stock, 0.2 mM CaCl2 from D2O stock, 10 ml/L 2H13C15N-Bioexpress 
(Cambridge Isotope Laboratories, Tewksbury, MA), 0.25 x BME vitamins (2.5 ml/L of 100x) (Sigma-Aldrich, St. 
Louis, MO) from H2O stock, 0.25x Studier Trace metals from D2O stock, 1 g/L 15N-NH4Cl (18 mM), 8 g/L 2H13C- 
glucose and 90 µg/mL kanamycin from D2O stock.  The growth was performed at 25 °C with 200 rpm shaking and 
continued till A600 = ~5. It was induced with 0.5 mM dioxin-free isopropyl-b-thiogalactopyranoside (IPTG). Cells 
were harvested after incubating for an additional 15 h at 25 °C.  
A cell pellet from 250 mL of culture was resuspended in 75 mL of lysis buffer (10 mM Tris-HCl, pH 8.0, 1 
mM EDTA, 40 mM NaOH and 0.1% Triton X-100 in D2O) and incubated at 37 °C for 35 min. The pellet was further 
incubated at 37 °C with shaking at 200 rpm for 1 h after addition of 825 μL of 1 M MgCl2, 825 μL of 1 M CaCl2 and 
1000 units (5 μL) of TurboNuclease (Accelagen, San Diego, CA). The cell debris was removed by centrifuging at 
10,500 g for 20 min. One part of 5 M NaOD was added to six parts of the supernatant by volume and the resulting 
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solution was heated for 10 min in boiling water and then cooled in an ice bath for 1 h. The precipitate was removed 
by ultracentrifuging at 125,000g for 2 h. Saturated (NH4)2SO4 solution in D2O was added slowly to the supernatant to 
50% v/v with constant stirring to incipient cloudiness. Following overnight incubation at 4 °C with stirring to complete 
precipitation, the solution was centrifuged at 125,000 g for 2 h at 4 °C.  
The α-syn pellet was resolubilized in 20 mM Tris, pH 8, and filtered through a 0.22 μm filter and incubated 
with 20 mM DTT at room temperature for 1 h. This solution was then loaded on a 60 mL anion exchange column (Q 
Sepharose FF, GE Healthcare, Piscataway, NJ) and eluted with a linear gradient of 0-0.8 M NaCl. Fractions containing 
α-syn, which elute around 0.3 M NaCl, were pooled and concentrated using a 3 kDa molecular weight cut-off 
(MWCO) filter in an Amicon stirred cell concentrator (EMD Millipore, Billerica, MA). The concentrated fraction was 
incubated with 20 mM DTT for 1 h at room temperature, filtered again and loaded onto a pre-packed HiPrep 26/60 
Sephacryl S-200 HR gel filtration column (GE Healthcare, Piscataway, NJ) in 100 mM sodium phosphate (pH 7.4), 
0.2 mM EDTA, 0.02% NaN3 in D2O (PEN buffer) and 1 mM DTT.  Pooled fractions were diluted by half with MilliQ 
water and stored at 4 °C. The yield of purified U-CDN labeled A85C mutated protein was 238 mg/L of growth 
medium. The protein concentration was determined by measuring the A280 using the molar extinction coefficient of 
5800 M-1 cm-1 for α-syn.  
6.4.2. 19F- Labeling of a-syn Monomer 
The α-syn protein in PEN buffer (50 mM NaH2PO4, pH 7.4, 0.1 mM EDTA, 0.01% NaN3 in D2O) and 0.5 
mM DTT, was concentrated to 9 ml of 0.3 mM α-syn monomer concentration using a stirred cell concentrator, and 
then incubated with 10x molar excess DTT at 42 °C for 1 h. The concentrate was filtered (0.2 μm). 3-bromo-1,1,1-
trifluoroacetone (BTFA) (38 μL) (Sigma-Aldrich, St. Louis, MO) was added to the solution to a final concentration 
of 30 mM with constant stirring at 4 °C. The pH of the solution decreased to 7.0 following addition of BTFA. The 
reaction was continued for 40 min and the pH dropped to 6.6. The solution was passed through a PD-10 desalting 
column (GE Healthcare, Pittsburgh, PA) and pre-equilibrated with PEN buffer, and the flow-through was dialyzed 
with two changes of 90:10 D2O:10 H2O PEN buffer to remove the oxidized DTT and the excess BTFA. The BTFA 
modified α-syn monomer was stored at 4 °C until further use.  
6.4.3. Characterization of BTFA Modified a-syn Monomer 
Solution NMR. Monomeric BTFA modified A85C α-syn mutant (540 μL of 1 mM in PEN buffer) was mixed with 60 
μL of D2O for solution NMR. 19F 1D spectra of the 1% BTFA reagent in PEN Buffer and BTFA modified A85C α-
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syn mutant were collected at 4 °C on a Varian (formerly of Palo Alto, CA) INOVA 11.7 Tesla spectrometer (500 MHz 
1H frequency) with 5 mm Nalorac QUAD probe. 16 and 1024 scans were collected for the BTFA sample and the 
BTFA modified A85C α-syn sample respectively. The 19F chemical shift was referenced to 5% trifluoroacetic acid in 
D2O in an external coaxial tube.  
6.4.4. SSNMR Sample Preparation and Data Collection on BTFA Modified U-CDN A85C a-syn 
SSNMR sample preparation. The BTFA modified U-CDN labeled A85C α-syn monomer solution was fibrillized by 
incubating at 37 °C with 200 rpm shaking for 3 weeks. 5% (v/v) seed of the form described in (PDB: 2N0A)18 was 
added to the monomer prior to the incubation to aid in forming fibrils. The resulting viscous fibril solution was 
ultracentrifuged at 129,000 g to form a fibril pellet, which was washed further with deionized D2O, dried down under 
N2 atmosphere, packed into a 1.6 mm FastMAS rotor (Revolution NMR, LLC, Fort Collins, CO) with low 19F-
background spacers and caps and rehydrated with 25 mM Cu (EDTA) in 40% (m/v) D2O. 
SSNMR experimental conditions. MAS SSNMR experiments were carried out at 11.7 T (500 MHz 1H frequency) and 
17.6 T (750 MHz 1H frequency) on a Varian/Agilent VNMRS spectrometer (Walnut Creek, CA and Loveland, CO) 
with a 1.6 mm HFXY FastMAS probe. The spinning was controlled at 33333 ± 30 Hz for 19F direct polarization (DP) 
1D, 15N-1H two-dimensional (2D) correlation spectrum, and at 30000 ± 30 Hz for the 1H site-specific T2 determination 
and 1H-19F REDOR experiments by a Varian MAS controller. The variable temperature gas was maintained at 0 °C 
for all the experiments. 13C chemical shifts were referenced externally with adamantane63.  
19F DP 1D. The 19F DP 1D spectrum of BTFA modified α-syn fibril was collected with 512 scans and a recycle delay 
of 1.5 s. The π/2 pulse width for 19F was 2 μs. The 19F transmitter frequency offset was set to -84 ppm.  
15N-1H 2D correlation spectra. 15N-1H 2D on U-CDN labeled WT α-syn was collected on the 17.6 T instrument. The 
p/2 pulse widths were 2.9 µs for 1H and 2.5 µs for 15N. The contact time for 1H-to-15N cross-polarization64 (CP) transfer 
and 15N-to-1H CP transfer was 500 µs. The indirect 15N dimension was digitized to 23 ms. The 1H acquisition time 
was set to 20 ms. ~10 kHz of decoupling power through TPPM decoupling65,66 was applied on 1H during indirect 
evolution on 15N. 
15N-1H 2D on BTFA modified U-CDN labeled A85C a-syn mutant fibril was collected on the 11.1 T 
instrument. The p/2 pulse widths were 1.9 µs for 1H and 4.6 µs for 15N. The contact time for 1H-to-15N CP transfer 
was 800 µs and for 15N-to-1H CP transfer was 700 µs. The indirect 15N dimension was digitized to 18 ms with ‘constant 
 136 
time’ mode on. The 1H acquisition time was set to 20 ms. ~10 kHz of decoupling power through TPPM decoupling 
was applied on 1H during indirect evolution on 15N. 
1H site-specific T2 data collection. The 15N-1H 2D experiment with a 1H refocusing p-pulse before detection was used 
to measure the 1H T2 for each residue. The echo time was varied in 8 steps from 66 µs to 12.06 ms. The p/2 pulse 
widths were 3.4 µs for 1H and 2.1 µs for 15N. The contact time for 1H-to-15N CP transfer and 15N-to-1H CP transfer 
was 700 µs. The indirect 15N dimension was digitized to 12.8 ms and the 1H acquisition time was set to 20 ms. ~10 
kHz of decoupling power through TPPM decoupling was applied on 1H during indirect evolution on 15N.  
1H-19F 1D REDOR curve. The p/2 pulse widths were 3.4 µs for 1H, 2 µs for 15N and 2.2 µs for 19F. The contact time 
for 1H-to-15N CP transfer and 15N-to-1H CP transfer was set to 700 µs. The S0 experiment was performed with a 
refocusing hard p-pulse on 1H and no p pulse on the 19F channel. The S experiment was performed with a 4.4 µs 
refocusing hard pulse and additional REDOR p-pulse (5 µs pulse width) trains on the 19F channel. S0 and S experiments 
were alternated at each dephasing time point. The REDOR dephasing time was varied from 66.66 µs to 13.46 ms.  
1H-19F REDOR S0 and S as 15N-1H 2D correlation spectrum. The indirect 15N dimension was digitized to 12.8 ms. 
TPPM decoupling (~10 kHz, 130° phase, 152.5 µs pulse width) was applied on 1H during indirect evolution on 15N. 
15N-1H 2D S0 and S spectra were collected with REDOR dephasing times of 3.46 ms, 6,13 ms and 9.46 ms. 
6.4.5. Data Processing  
 The 19F 1D solution and SSNMR data were processed in Mnova NMR software (MESTRELAB 2014). 
Baseline correction, phasing and peak picking were done during processing. 
All the 2D SSNMR spectra and REDOR spectra were processed using nmrPipe67 with back linear prediction 
and polynomial baseline correction applied to the direct dimension. Lorentzian to Gaussian apodization, phase-shifted 
sine bells and zero filling were applied to both dimensions before Fourier transformation and phase correction. 
Microsoft Excel for Mac 2011 (version 14.7.1) software was used to plot and fit the 1H T2 data, assuming a 
single exponential decay. The S0 and S REDOR data were plotted in Excel to obtain the major S/S0 effects. The error 
analysis for REDOR data was performed by collecting noise points from S0 and S spectra and propagating the standard 




 6.5. Results and Discussion 
6.5.1. BTFA modification confirmed by 19F NMR 
 The first crucial point to validate is the presence of 19F in the a-syn monomer and in the a-syn fibrils after 
fibrillization. The 19F 1D spectra for 1% BTFA in PEN Buffer, BTFA modified a-syn monomer and a-syn fibrils are 
illustrated in Fig. 6.1. Fig. 6.1 (a) demonstrates the 19F 1D spectrum for 1% BTFA in PEN buffer in D2O. The spectrum 
was collected with 16 scans and processed with 1 Hz of line broadening. The 19F peak from BTFA is at -84.2 ppm. 
When a-syn monomer is modified with BTFA, the 19F peak is at -85.1 ppm (Fig. 6.1b). This spectrum is collected 
with 1024 scans and processed with 10 Hz line broadening. No other peak is present at -84.2 ppm, indicating that all 
the excess BTFA during the reaction was removed by the PD column filtering and dialysis steps that followed the 
reaction. After fibrillization of the BTFA modified monomer, the 19F peak is observed at -84.9 ppm in a SSNMR 19F 
DP 1D spectrum (Fig. 6.1c). This spectrum is processed with 0.1 ppm of line broadening. There is only one peak 
observed in both BTFA modified a-syn monomer and fibrils, thereby validating that the 19F modification occurred at 
only one position in the a-syn monomer.  
6.5.2. 15N-1H Correlation Spectrum of BTFA Modified a-syn at 10% Protonation Level 
 The 15N-1H 2D correlation spectrum for U-CDN WT a-syn fibrils, back-exchanged to 10% 1H and U-CDN 
A85C a-syn fibrils modified with BTFA, back-exchanged to 10% 1H are shown in Fig. 6.2. Most of the backbone 
amide and sidechain amino 15N and 1H resonances of the residues in the rigid core of the a-syn fibrils are labeled in 
both the spectra. There are two major differences between the two spectra — (1) the BTFA modified α-syn fibril has 
broader line width than the WT U-CDN α-syn fibril, and (2) there are a few chemical shift perturbations (CSP) or 
Fig. 6.1: 19F solution and solid-state NMR (SSNMR) 1D spectra collected on BTFA modified uniformly-13C, 2H, 15N-labeled (U-
CDN) A85C a-syn, back-exchanged to 10% 1H. (a) 19F solution NMR 1D collected on 1% BTFA in PEN Buffer (50 mM NaH2PO4, 
pH 7.4, 0.01% NaN3, 0.1 mM EDTA) with 16 scans. The spectrum is processed with 1 Hz line broadening. (b) 19F solution NMR 
1D collected on BTFA modified α-syn monomer in PEN Buffer with 1024 scans. The spectrum is processed with 10 Hz line 
broadening. (c) 19F SSNMR 1D spectrum collected on BTFA modified a-syn fibril at 33.333 kHz MAS and 750 MHz 1H frequency  
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weaker signal intensity for the residues closer to the BTFA modified C85 residue. The exact reason behind the broader 
linewidth is unknown but it can be due to some heterogeneity present in the sample due to BTFA modification. A 
reasonable future work would be to reproduce the sample preparation and re-collect the 15N-1H 2D. 
 
 The 15N-1H 2D spectrum for the BTFA modified a-syn fibril in Fig. 6.2 (b) show some changes in the position 
and/or intensities of the resonances of the G84, G86, S87 and I88 residues. These are shown in the figure with dashed 
circles. The G84 peak is shifted to have a resonance closer to the Q79e2 peak and also has a weaker intensity. The 
G86 peak is overlapped with the G67 peak, so it is not clear if it is shifted or has weaker intensity. S87 peak is also 
shifted upfield in the 15N dimension and has weaker intensity. The I88 peak is at the same position, but its intensity is 
much reduced than that in the WT U-CDN labeled a-syn spectrum. The A85 peak is missing in Fig. 6.2(b) (15N-1H 
2D for the BTFA modified U-CDN A85C a-syn mutant), further confirming mutagenesis. The assignment of the 
Fig. 6.2: 15N-1H 2D correlation spectrum collected on (a) uniformly-13C, 2H, 15N-labeled (U-CDN) WT α-synuclein fibril, 
back-exchanged to 10% 1H and (b) BTFA modified U-CDN labeled A85C α-synuclein mutant fibril, back-exchanged to 10% 
1H. All the residues in the rigid core that can be detected are labeled. The chemical shift perturbations are shown with dashed 
circles 
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residues mentioned above can be further confirmed with collection of 13C-15N-1H 3D correlation spectrum in the 
future.  
One of the hypotheses behind the weaker intensities of the mentioned peaks after BTFA modification might 
be the presence of the 1H atoms on the trifluoroacetonyl (TFA) moiety (CF3COCH2S-). They are close to the residues 
surrounding C85 and provide strong 1H-network, thereby leading to broadening of the signals. This can be tested by 
checking the backbone amide 1H T2 values of these above-mentioned residues at different temperatures. At a lower 
temperature, the 1H atoms on the TFA moiety will be rigid and hence will contribute more to the line broadening. 
Thus, the 1H T2 values of the neighboring residues will be smaller. At higher temperatures, the 1H atoms of the CH2 
group in the TFA moiety will be flexible, leading to averaged 1H-network and hence lesser line broadening. Thus the 
1H T2 values will be longer at higher temperatures.  
6.5.3. 1H T2 Values in BTFA Modified Perdeuterated α-syn Fibril, Back Exchanged to 10% 1H 
 To determine the dipolar dephasing time for the 1H-19F REDOR experiment, we needed to measure the T2 of 
the observed nucleus, 1H in this case. Fig. 6.3 demonstrates the site-specific backbone amide and side-chain amino 1H 
T2 for the detectable residues in a 15N-1H 2D correlation spectrum for the BTFA modified U-CDN labeled A85C a-
syn fibril, back-exchanged to 10% 1H. The average T2 is around 9 ms, and the range is from 4 to 19 ms. This tells us 
Fig. 6.3: Site-specific T2 measurements of backbone amide 1H in BTFA modified uniformly 2H, 13C, 15N labeled A85C a-syn 
fibril, back exchanged to 10% amide 1H. The transverse relaxation time varies from 4 ms (V74) to 19 ms (Q79e1) 
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that the dipolar dephasing time for the REDOR experiments can be as long as the average T2 relaxation time, ~10 ms. 
This will be true with the assumption that magnetization loss in the sample is governed by homogenous factors and 
not heterogenous ones. 
6.5.4. 1H{19F} REDOR Effects in BTFA-Modified a-syn 
Ambiguous 1H-19F REDOR effects noticed in the 1D REDOR curve. Fig. 6.4 illustrates the S0-S difference spectra at 
different dephasing times for the 1H-19F 1D REDOR curve in the BTFA modified U-CDN labeled a-syn fibrils, back-
exchanged to 10% 1H. The REDOR dephasing time varies from 133 µs to 13.46 ms. The difference spectrum shows 
almost zero intensity at 133 us. The S0-S intensity starts increasing upto 6.79 ms dephasing, and then the difference 
decreases. This indicates that the 1H-19F REDOR effects are present in the 19F-labeled a-syn fibril, but due to the 
unresolved nature of the 1H 1D, it is hard to deduce which backbone amide 1H or sidechain amino 1H are close to the 
TFA moiety in the fibril.  
 Two factors are responsible for the intensity change in the REDOR difference spectra, the dipolar coupling 
between the two spins and the T2 of the observed spin (1H). When the dipolar dephasing time is less than the 1H T2 
relaxation time, the difference spectra intensity will be governed by the dipolar coupling between the two spins under 
investigation (1H-19F in this case). If the dephasing time exceeds the 1H T2, then the difference spectra intensity will 
be governed by the T2 relaxation, and hence will decrease with time. This is what we observe in the REDOR 1D curve. 
Hence, due to heterogeneity, the effective 1H T2 in the BTFA modified U-CDN labeled A85C a-syn sample is around 
7 ms. 
Fig. 6.4: 1H-19F 1D REDOR curve collected on BTFA modified uniformly-13C, 2H, 15N- labeled A85C a-syn fibril at 30 kHz 
MAS and 750 MHz 1H frequency spectrometer.  The S0-S difference spectra is shown at each dephasing time from 0.13 ms to 
13.46 ms 
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Unambiguous REDOR effects observed in 15N-1H 2D correlation spectrum. Fig. 6.5 displays the 1H-19F REDOR S0-
S difference spectra in the form of 1H-15N 2D correlation spectra at three different REDOR dephasing times — 3.46 
ms (a), 6.13 ms (b) and 9.46 ms (c). At 3.46 ms dephasing, we observe a few residues of the BTFA modified U-CDN 
labeled A85C a-syn fibril showing dephasing, like K80/A90 (ambiguous), V82, E83, G84, S87, I88, A91. The same 
residues and a few more- A78 and A89 show dephasing at 6.13 ms dephasing time. At 9.46 ms, Q79e2 and A76 also 
show dephasing apart from the other residues. The trend of increasing number of residues showing REDOR dephasing 
is expected since with increase in dephasing time, even the weakly dipolar coupled spin pairs can be detected. There 
are a few peaks that are not yet assigned between 122 ppm and 128 ppm in the 15N dimension and 8.5 ppm and 9 ppm 
in the 1H dimension. One of the peaks can be C85 15N-1H, which is not yet assigned. This analysis is an ongoing 
process. The take-away point here is that the residues whose backbone amide 1H or sidechain amino 1H show 
dephasing are structurally close to the 19F moiety in a-syn fibril. Since the 15N-1H 2D provides more resolution than 
the 1H 1D, the REDOR effects can be unambiguously observed. Further analysis of the REDOR effects is shown in 
one of the sections below.  
Stability in the REDOR blocks. An important factor for obtaining precise and quantitative REDOR data is the stability 
of the data collection in terms of hardware (RF power fluctuations due to amplifier or probe heating) and spinning. 
Since, the 1H-19F REDOR 2D data at each dephasing time was collected for ~23-29 hours each of S0 and S, we decided 
Fig. 6.5: 19F dephased 15N-1H REDOR difference spectra (S0-S) collected on BTFA modified uniformly 2H, 13C, 15N labeled 
A85C a-syn fibril, back exchanged with 10% 1HN at 3.46 ms (a), 6.13 ms(b) and 9.46 ms (c) dephasing time. The residues 
showing dephasing are labeled in the spectra 
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to divide the total time into multiple blocks of 50 minutes 
and alternatively collect one block each of S0 and S. This 
was done to consider the fluctuations that can occur in the S0 
and S intensities due to hardware issues like RF 
inhomogeneities, temperature fluctuations of RF amplifiers 
and the sample in the probe and external factors like 
temperature fluctuations in the room. A slight instability in 
the rotor can also cause spinning issues which can lead to rotor synchronization problems and hence fluctuations in 
intensities. Fig. 6.6 illustrates the intensity fluctuation between each 50 min block for S0 (in black diamonds) and S 
(in red squares) for the 1st 18 hours of REDOR data collection at 6.13 ms dephasing time. The fluctuations observed 
between the S0 and S blocks are within the error. Thus, collecting S0 and S in shorter time blocks can compensate for 
the fluctuations arising from hardware and external factors.  
Analysis of the REDOR effects indicate long-range 1H-19F correlations. Fig. 6.7. illustrates the S/S0 REDOR effects 
in the U-CDN labeled BTFA modified A85C a-syn mutant fibril, back-exchanged to 10% 1H at 6.13 ms dephasing 
time. Fig. 6.7(a) displays the plot of 1H-19F REDOR S/S0 effects for the backbone amide 1H and sidechain amino 1H 
of the residues in the rigid core of the fibril. We observe a trend in increasing REDOR dephasing starting from 
backbone amide 1H of residue Q79 to residue A90 (residues surrounding the C85 residue). Among the sidechain amino 
1H, Q79e2 1H show more dephasing than Q79e1 1H. The C85 residue is not yet assigned, so REDOR effect for the 
residue could not be determined. The maximum REDOR effect is shown by S87 (S/S0 ~ 0.5), followed by E83, G84 
and I88 with S/S0 ~ 0.2. G86 is overlapped with G67, hence the REDOR effect for the residue could not be accurately 
determined. The plot of the REDOR effects re-affirms the un-ambiguous REDOR effects observed in the S0-S 2D 
difference spectra in Fig. 6.5. 
 The TFA moiety orientation in a-syn fibril was previously obtained with 13C-19F REDOR distances in 
Chapter 5. Assuming that the orientation of the TFA moiety is similar to that shown in Fig. 6.7 (b-c) and the structure 
of the fibril core is the same as determined in PDB 2N0A18, the distances between the residues showing REDOR 
effects and the CF3 group in the TFA moiety range between 4-17.5 Å. Obtaining such 1-2 nm distances is an extremely 
promising start towards determining the longest possible quantitative distances in SSNMR for biomolecular structure 
determination and refinement. The next step in the analysis process will be to fit the REDOR curves for the 1H atoms 
Fig. 6.6: Plot of the intensity of each REDOR block — 
S0 (black diamonds) and S (red squares) to illustrate the 
stability of REDOR experiments over time. Each block 
took 50 minutes to finish 
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showing REDOR effects and utilize the quantitative distances obtained to perform the optimization of the TFA moiety 
orientation in the a-syn fibril. 
6.6. Conclusions 
 An important application of SSNMR is structure determination and refinement of biomolecules and their 
complexes. This is routinely established with a technique called REDOR where the dipolar coupling between two 
heteronuclear spins can be measured precisely and un-ambiguously. However, due to limitations in hardware and 
Fig. 6.7: Analysis of 1H-19F REDOR effects obtained in BTFA modified uniformly- 13C, 2H, 15N-labeled A85C a-syn fibril, back-
exchanged to 10% 1H with 30 kHz MAS and at 6.13 ms dephasing time. (a) Plot of S/S0 for all the backbone amide 1H and the 
sidechain amino 1H residues that are detected in the 15N -2H correlation spectrum. The residues that have overlapped intensities 
are marked with red stars. (b) a-synuclein fibril structure from PDB: 2N0A in licorice representation and the backbone amide 1H 
and sidechain amino 1H that show REDOR effects in white spheres. (c) close up representation of the residues that show 1H-19F 
REDOR effects in licorice, the backbone amide and sidechain amino 1H in those residues in white spheres and the 19F atoms in 
the TFA group shown in green spheres 
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pulse sequence technique, REDOR is only used to obtain distances up to 10-12 Å. In this study, we have successfully 
established that 1H-detected REDOR can be utilized for the purpose of obtaining 1-2 nm long 1H-19F distances in a 
fluorinated and perdeuterated a-syn fibril, back-exchanged to 10% 1H. We have demonstrated the successful 
modification of a U-CDN labeled a-syn fibril with BTFA reagent with 19F solution and SSNMR 1D. The modification 
causes only local perturbation in the structure, as seen in 15N-1H correlation spectrum. The 1H-detection provides 
added bonus of increased sensitivity, hence only 1 day of signal averaging is required for obtaining the 1H-19F REDOR 
effects at one dephasing time in a full-length amyloid fibril. Perdeuteration of the protein allows us to achieve 
homogenous 1H T2 of around 10 ms in 19F-labeled a-syn fibril. 
 When we performed 1H-19F REDOR experiment on the BTFA modified U-CDN labeled A85C a-syn fibril, 
back-exchanged to 10% 1H with our published 1H-detected frequency-selective REDOR pulse sequence, we obtained 
REDOR effects between the 19F atoms in TFA moiety covalently tagged to the fibril and the backbone amide 1H and 
sidechain amino 1H in residues Q79 to A90. The 1H-19F distances range from 4 Å to 17.5 Å among these residues. 
Since we observe the REDOR effects in the 15N-1H 2D spectrum, they are mostly resolved and un-ambiguous in 
nature. These precise and un-ambiguous long-range distances will be highly beneficial for structure determination as 
well as optimizing the binding mode of fluorinated small molecules or drugs in proteins or other biomolecules.  
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Conclusions and Outlook 
7.1.  Conclusions 
My dissertation thesis demonstrated advancements in solid-state nuclear magnetic resonance (SSNMR) 
techniques that can be utilized for structure determination of biomolecules and their binding modes with other 
biomolecules, small molecules, lipids, etc. Specifically, my thesis illustrates modifications in SSNMR techniques like 
rotational echo double resonance (REDOR)1–6, transferred echo double resonance (TEDOR)7,8 and R-symmetry9–11, 
which aid in determination of quantitative and precise distances between two spins within a biomolecule or between 
two molecules. In this regard, we have developed novel pulse sequences like 1H-detected frequency-selective 
REDOR12, 1H-detected frequency-selective TEDOR and 1H-detected R-symmetry sequences for the purpose of 
improvement in biomolecular structure determination and refinement. We have also demonstrated the successful 
functioning of the pulse sequences by applying them on small molecules, globular proteins like GB1 and amyloid 
fibrils like a-synuclein (a-syn).  
These distance measurement techniques like REDOR and TEDOR perform by re-introducing dipolar 
couplings between selected spins in a molecule under magic angle spinning (MAS)13.  The dipolar coupling between 
the two heteronuclear spins is directly proportional to the gyromagnetic ratio (g) between the spins and inversely 
proportional to the cube of the distance between them. Hence larger the g-value, longer will be the distance 
measurement range. These techniques have been applied enormously to small compounds, peptides, proteins, RNA, 
sugar, inorganic molecules, etc. over the years5,14,15-30. However, the distance-detection range has been limited to 10-
12 Å by the utilization of spins with low g-values like 13C and 15N. Due to detection on these low g-spins, the sensitivity 
of the experiments also suffers. These techniques are also restricted in the cases of uniformly isotopically labeled 
samples (usually the first sample to be prepared for NMR assignment experiments) due to stronger dipolar couplings 
compromising the measurement of the weaker dipolar couplings. Hence, specific isotopic labelling like sparse 
labeling, dilution of labeling or glycerol labeling31 patterns have been mostly preferred for these experiments. 
Modifications like frequency-selective REDOR6 and TEDOR8 have partially answered these issues, but applications 
of such pulse sequences to uniformly labeled NMR samples have been limited. The advancements in distance 
measurement techniques are necessary for improvement in — (a) sensitivity of the NMR spectrum to reduce 
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experimental time, (b) resolution of the spectrum to obtain un-ambiguous peaks, and (c) distance detection range in 
the molecule.  
Chapter 2 in my thesis introduces the 1H-detected REDOR pulse sequence at fast MAS (~30 kHz) which 
combines the power of 1H-detection with REDOR12. The inclusion of 1H as the one of the REDOR spins in the pair is 
helpful for enhancing the distance detection range as 1H has the largest g value among the stable NMR isotopes. 
Additionally, 1H as the detected spin further enhances the sensitivity of the experiment32. The pulse sequence measures 
the dipolar coupling between the 1H-X spin pair in a 15N-1H two-dimensional (2D) correlation spectrum, thereby 
enhancing the resolution and the un-ambiguity of the detected REDOR peak. I applied this pulse sequence on 
uniformly-13C, 2H, 15N- labeled (U-CDN) Alanine containing 1% residual 1H and U-CDN labeled GB1 protein, back-
exchanged to 30% 1H. We observed 1H-13C REDOR effects in GB1 with frequency selective refocusing 13C pulse 
placed at aliphatic, methyl and aromatic regions. We deduced information about spectral filtering, secondary structural 
features of methyl group bearing residues and tertiary structural elements and side-chain orientations of aromatic 
residues. Hence, we established that 1H-detected REDOR can be successfully utilized on uniformly isotopically 
labeled proteins and will increase the sensitivity, resolution and distance detection range of REDOR experiments. 
The 1H-13C REDOR effects from Chapter 2 are qualitative in nature. I furthermore quantified these 1H-13C 
REDOR effects in a U-CDN labeled GB1 protein, back-exchanged to 30% 1H in Chapter 3. In a perdeuterated protein, 
sidechain orientations are difficult to obtain due to almost no residual 1H atoms in the non-exchangeable groups present 
in the sidechains of the proteins. We obtained quantitative and precise 1H-13C distances of up to 6 Å by applying ultra-
selective 13C refocusing pulses at unique chemical shifts — 160 ppm, 138 ppm, 130 ppm, 118 ppm, 70 ppm, 35 ppm 
and 20 ppm. We developed a fitting program in MATLAB that analytically fit the REDOR effects for one 1H-13C spin 
pair obtained at different dipolar dephasing times to the Bessel function of the first kind and obtain precise REDOR 
distances with sub-Å uncertainty.  Since this technique probes distances between the 13C atoms on the sidechains to 
the backbone amide or sidechain amino 1H, it provides a solution to obtain precise sidechain orientations in deuterated 
proteins. I have also probed the dependence of the REDOR effects on the selective pulse bandwidth so that this factor 
can be taken into account while fitting the REDOR distances. Finally, using the 170 1H-13C quantitative but ambiguous 
distances obtained for GB1 protein, I determined the structure of GB1 protein de-novo. The significant conclusion 
from this study was the improvement in the sidechain orientation compared to a crystal structure of GB133 (PDB: 
2QMT). We then also developed a novel program that would utilize this potential application of 1H-detected REDOR. 
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When given a PDB of a protein and the experimental REDOR conditions, the program will output the simulated 1H-
detected REDOR spectra which contain the 15N-1H correlations that show REDOR dephasing due to neighboring 13C 
atoms present. These simulated spectra can then be compared and scored against the experimental 1H-13C REDOR 
spectra. This will aid in differentiating between polymorphs, mutants, different binding modes of the same 
biomolecule, etc.  
Even though the 1H-13C distances obtained with 1H-detected frequency-selective REDOR pulse sequences 
are quantitative, they are mostly ambiguous. The 1H atoms are detected, but not the 13C atoms showing correlations 
to them. To remove this ambiguity, I developed the 1H-detected frequency-selective TEDOR pulse sequence, that will 
frequency label the 13C atoms interacting with the 1H atoms as the 3rd dimension. We have shown the application of 
this pulse sequence to obtain quantitative, precise and un-ambiguous distances of up to 6 Å in U-CDN labeled GB1 
protein, back-exchanged to 30% 1H and U-CDN labeled a-syn fibrils, back-exchanged to 10% 1H. To remove the 
effect of 13C-13C homonuclear coupling on the TEDOR dipolar trajectories in a U-CDN labeled sample, we also 
introduced the 1H-detected RN TEDOR pulse sequence, where the train of hard p-pulses are replaced with R-
symmetry blocks that recouple 1H-13C heteronuclear dipolar coupling but suppress 13C-13C homonuclear coupling.  
To further enhance the distance detection range within a biomolecule or its complex, the other nucleus in the 
REDOR or TEDOR spin pair should be 19F, which has the second highest g value among the NMR stable isotopes. In 
Chapter 5, I have demonstrated a simple and efficient technique to isotopically label a globular protein like GB1 and 
a full-length amyloid fibril like a-syn with 19F by mutagenesis and chemical modification with 3-bromo-1,1,1-
trifluoroacetone (BTFA). I validated the chemical modification of the mutated cysteine residue on the proteins to be 
with minimal structural perturbation and with maximum labeling efficiency with mass spectrometry, 19F solution 
NMR and SSNMR. We further showed an application of the trifluoracetonyl (TFA) probe in the proteins by 
performing 15N-19F REDOR experiment on the 15N-labeled BTFA modified N8C GB1 crystalline protein and 13C-19F 
REDOR experiment on the uniformly 13C,15N labeled BTFA modified A85C a-syn fibrils. We detected 13C-19F 
distances up to 10 Å in the a -syn fibrils.  
The ultimate goal is to obtain the longest quantitative and un-ambiguous distances possible by SSNMR in 
biomolecules by utilizing the 1H-19F spin pair in REDOR technique. According to the REDOR distance simulations 
shown in Chapter 1 (Fig. 1.4) for different spin pairs, the maximum distance achievable for 1H-19F spin pair will be 
~20 Å. I demonstrated this for the first time in Chapter 6, where using the BTFA chemical modification technique, I 
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introduced a 19F-moiety in the U-CDN labeled A85C a-syn fibrils, back-exchanged to 10% 1H. After validating the 
successful insertion of the TFA moiety in the fibrils, I performed 1H-detected REDOR on the a-syn fibrils to recouple 
the dipolar coupling between the 19F atoms and the backbone amide and sidechain amino 1H atoms near the TFA 
moiety in the fibrils. I could obtain un-ambiguous 1H-19F distances up to ~17 Å in the fibril. Further quantification of 
the data is ongoing. These long-range, precise and quantitative distances will be extremely beneficial for structure 
determination and refinement of substantially large proteins or protein domains and will throw light on protein 
interactions and mechanisms. 
7.2. Outlook 
 The state-of-the-art REDOR and TEDOR techniques introduced in this dissertation thesis are applicable to 
study biomolecules, their interactions with small molecules, other biomolecules, and membranes. These techniques 
can also be utilized for shedding light on the mechanism of amyloid protein misfolding. A few of these promising 
applications are discussed in detail below. 
7.2.1. Development of Higher Affinity and Specific Imaging agent for Synuclein Fibril by studying 1H-19F 
interactions with Available Fluorinated Radiopharmaceuticals  
 Radiopharmaceuticals are small molecules or drugs that can act as diagnostic/imaging or therapeutic agents 
for certain type of diseases like cancer or neurodegenerative diseases. They are organic compounds carrying a 
radioisotope like 11C, 18F or 123I which can emit g-rays as imaging agents or a- or b-rays as therapeutic agents. For the 
case of imaging agents, the g-rays are detected by Positron Emission Tomography (PET) or Single Photon Emission 
Computed Tomography (SPECT) cameras. 18F is the major nucleus of interest because of its relatively longer half-
life (T1/2 = 109.8 min)34. Due to this, (1) the synthesis does not have to be super quick, (2) 18F can be used to track 
mechanism with slower kinetics, and (3) 18F-radiotracers can be distributed to centers which are within a few hours of 
transport34.  
 A few well-known FDA approved 18F-radiotracers for Alzheimer’s Disease are — Flutemetamol, Florbetapir, 
Florbetaben35. For Parkinson’s Disease, there are no known FDA approved PET/SPECT imaging agents. Scientists 
have been trying to synthesis imaging agents that are specific and have high binding affinity to a-syn and not amyloid-
b or tau aggregates36. A useful approach towards that direction will be to understand the interactions between the 
potential imaging agent and synuclein fibril at atomistic level by SSNMR and then utilizing the information about the 
binding site to synthesize better imaging agents by structure-activity relationships. Replacing the 18F by 19F nucleus 
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on the small molecules will provide us with 19F-labeled small molecules and their interactions with the backbone 
amide or sidechain amino 1H in the fibrils can be probed by 1H-19F REDOR or the 13C atoms in the fibrils by 13C-19F 
frequency-selective REDOR. Quantitative distances of up to 18-20 Å will be accessible and these will be essential for 
examining even weak binding sites of the small molecules. After obtaining the 1H/13C-19F quantitative REDOR 
distances, we can utilize them as distance restraints in a docking program like HADDOCK37 to determine the binding 
mode of the small molecules with a-syn fibrils. A few small molecules that are accessible to our lab courtesy of the 
Kotzbauer lab in the Washington University, St. Louis and the Scott Lab in University of Michigan, Ann Arbor are 
— Flutemetamol (19F-Pittsburgh Compound B, contains an aromatic 19F), N-methyl Lansoprazole38 (contains a CF3 
group) and Synuclein Imaging Ligand36 (SIL26, contains an aliphatic 19F).  
7.2.2. Probing of Different Pathological Strains of a-syn Fibrils and their Interaction with other Aggregates with 
19F-labeling and 1H/13C-19F REDOR 
Amyloid fibrils are polymorphic in nature, i.e. there are different structural strains that have been discovered 
for the same fibril sequence39–42. a-syn has several polymorphs for which the structures have been determined or the 
NMR datasets have been collected on, including Urbana form (PDB:2N0A)43 and St. Louis Form44 of fibrils from our 
group and their collaborators, Strain A and Strain B fibrils from the Lee lab45, etc. It has been shown that different 
clinical properties and neuropathology are shown by different polymorphs of the amyloid fibrils in the 
neurodegenerative diseases40. Differentiating between the different strains can be time-consuming if we determine the 
structures of each strain separately. Instead, we should develop a technique that can differentiate between these strains 
just by performing one set of experiments without the need of solving the whole structure. 1H-detected REDOR (with 
13C/ 19F dephasing) will be an excellent technique to perform this task.  
 The software that we have developed (discussed in detail in Chapter 3) to differentiate between different 
polymorphs of one protein with comparison between simulated and experimental 1H-detected frequency-selective 
REDOR spectra will be helpful in this regard. Since the orientation of the side chains will be different in different 
polymorphs, we can score the experimental data of an unknown polymorph against a known structure for the fibril to 
determine how similar or different this polymorph is to the known structure.  
 Another potential application of 1H/13C-19F REDOR will be to distinguish between two different 
strains/polymorphs of a-syn fibrils. Strain A and B, for example, has been shown to interact with tau aggregates 
differently, possibly because of different structures45. If we label the two different strains with 19F moiety at multiple 
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positions, and then perform 13C/1H-19F REDOR, we will obtain different REDOR effects for the two strains. This 
technique can be called ‘Differential 19F REDOR effect (FRE)’. FRE method can also be applied to explore the 
interaction between the tau aggregates and the different strains of the a-syn fibrils. If the tau aggregates are U-CDN 
labeled and the synuclein strains have the 19F moiety, then we can measure the 1H/13C (in tau) – 19F (in a-syn) REDOR 
effects between them and differentiate between the two strains based on the different REDOR effects.  
7.2.3. Study of Interactions between 19F-Modified a-synuclein and Membranes to Examine the Fibrillization 
Mechanism  
 It has been hypothesized that a-syn monomers require lipid interactions to form dimers, oligomers and 
ultimately mature fibrils46. A previous SSNMR study by Comellas et al.47 demonstrated that the chemical shift 
perturbations (CSP) act as a signature for demonstrating the change in the a-syn monomer’s secondary structure from 
unstructured to a-helix to b-sheet for the N-terminus upon interaction with membranes. The positively charged N-
terminus of a-syn interacts with the anionic phospholipids present in the vesicle membranes and forms a-helices. 19F-
REDOR will be a more certain and powerful technique to validate this signature. For this set of experiments, a mixture 
of cholesterol and phospholipids (Phosphatidylserine, Phosphatidylcholine, Phosphatidylinositol, 
Phosphatidylethanolamine and sphingomyelin) in 1:3 ratio will mimic the in-vivo membrane environment for a-syn. 
Change in the 19F signal intensity or change in the 1H/13C/31P (in membranes) – 19F (chemically tagged in the N-
terminus of a-syn monomers or fibrils) REDOR distances will be an indication of the conformation change in 
synuclein upon interaction with membrane. This will be essential in understanding the misfolding mechanism of 
amyloid fibrils at atomistic level.  
7.2.4. Improving Data Analysis of 19F-REDOR  
 To measure accurate REDOR distances and increase the efficiency of 19F-REDOR, it is necessary to 
understand the factors that can affect the REDOR dipolar coupling measurement and analytical fitting. One example 
is shown in Chapter 3, where the effect of the bandwidth of the selective refocusing pulse is demonstrated on the 1H-
13C REDOR dipolar dephasing trajectories in GB1 protein. Other factors on which REDOR effects and trajectories 
might depend are48,49 — (a) presence of neighboring dephasing spins, (2) chemical shift anisotropy (CSA) of the 
dephasing spins, (3) radio-frequency field inhomogeneity of the p-pulses, (4) molecular motion of the dephasing spins, 
(5) chemical shift offset between dephasing spins, (6) strong dipolar coupling between neighboring observed spins. 
An approach to understand these factors will be to perform 13C-19F REDOR on commercially available fluorinated 
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compounds whose structures are known or can be easily solved with X-ray diffraction. These experimental REDOR 
results will then be compared with the simulated 13C-19F REDOR data calculated on these crystalline compounds. The 
simulations will be performed in SIMPSON50 by taking into account the various factors that can affect REDOR as 
mentioned above. The similarity between the experimental and the simulated REDOR effects will give us an idea 
about which factors are influencing the 13C-19F REDOR data.  
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